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FOREWORD

The growing interest in the use of columbium, molybdenurn, tantalum, and tung-
stenmetals and their alloys for structural applications has emphasized the need for an
up~to-date review of some of the more important physical, mechanical, and metallurgical
properties of these materials. Four consecutively numbered reports covering colum-
bium and columbium alloys, molybdenum and molybdenum alloys, tantalum and tantalum
alloys, and tungsten and tungsten alloys bave been prepared. The intent of these re-
ports has been to assemble, present, and summarize, in easy reference form, the
engineering~-property data of these four refractory metals and alloys. This report
covers molybdenum and molybdenum alloys,
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THE ENGINEERING PROPERTIES OUF
MOLYBDENUM AND MOLYBDENUM ALLOYS

Eu SUMMA;Y e % ,.

Fhis-roport-presents the results of a state-of-the-art survey covering molybdenum
and nine of its most promising alloysA‘f All data are given in tabular and graphical form
covering some of the more important physical, mechanical, and metallurgical proper-
ties for each material, »..erences 2~ viven at the conclusion of each material section,




INTRODUC TION

The requirements for structural materials for service temperatures in excess of
those attainable with present materials of ~onstruction has provided the stimulus for the
development of refractory metals and alloys. Interest has stemmed largely from the
high-temperature structural-engineering requirements associated with military hard-
ware. In the development of the refractory metals, columbium, molybdenum, tantalum,
and tungsten, and their alloys, extensive studies have been conducted and are in progress
which are aimed toward the investigation of fundamental metallurgical concepts . alloy
development, pilot scale-up development of promising compositions, and, ultimately,
alloy commercialization,

This report reviews some of the more important properties of molybdenum and
nine of its alloys. Of this group of alloys, several have not reached true commeicial
status; however, the potential of these advanced experimental and pilot-production alloys
warrants consideration. All data are presented in tabular and graphical form according
to a number of important physical, mechanical, and metallurgical properties for molyo-
denum and each of 1ts nine alloys. Properties and alloys covered 1n this report are
listed in Table 1.

Trends in molybdenum-alloy development include new dispersion-strengthened
alloys and allays combining solution and dispersion strengthening, with emphasis on
higher elevated-temperature strengths than thuvse exhibited for the more common
commercial molybdenum alloys. The area of 1abrication is also receiving considerabie
attention i1n an atiempt to optimize selected nronerties.

In preparing this state-of-the-art srreey, terhnicei juurnals ard. wablications,
research reports, and trade literature inade available to :he Defense Metals Inforn:ation
Center were supplemented with personal contacts with a nuraber of individuals and organ-
izations actively engaged in the refrac.ory-metals field. Referenc2s are given at the
conclusion of each material section,




ALLOYS AND PROPERTY DATA COVERED IN THIS REPORT

TABLF 1.
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Alloy Composition

Mo-0.5T{-0,0821-0.03C
Mo-1.2Ti 0.252r-0.15C
Mo 25V/=-0.121-0,03C

Molybaec, um
Mo-1.5Cb
Mo-0.05Z¢
Mo-0.52¢
Mo-0,5Ti
Mo-30W
Mo-50w
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MOLYBDENUM AND ITS ALLUYS




A-1

APPENDIX A

MOLYBDENUM AND IT5 ALLOYS

Unalloyed Molybdenum

1. Identification of material

a. Deslignation: many, depending upon individual suppher

b. Chemical composition: Tables A-1 and A-2

Forms available: billets, forgings, strip, sheet, foil, plate, bar, rod,

c.
and wirell-




CHEMICAL REQUIREMENTS FOR MOLYBDE™ UM
PRODUCTS AS PRODUCED BY ARC-CAST AND
POWDER-METALLUTSY TECHNIQUES(aX1=4)

Coatent, hiaximum, weight per cent

Arc Cast

Powder Metallurgy

0,010-0, 040
0,0030
0,0010
0, 020
0,010
G, 010

93,90 min

0,010

0, 0070

S, 60zu

0. 020

0,010

0,00
99, 90 min

(a) For forgings. billets for reforging, strip, sheet, fcil, plate, bar, rod, and wire,

Content, Maximum, weight per cent

TABLE A-1
Element
C
o]
N
fe
N1
Si
Mo
TABLE A-2. REPRESENTATIVE ANALYSES OF MOLYBPENUM AS PRODUCED BY VARIOUS SUPPLIERS

e a2t Powder Arc Cast or Fowder
limax(®. ¢ Metallurgy, Metallusgy,
Element T ™ Univetsal Cyclnp:fcK7-10) Sylvauza(dX11) Westinghose(eN12)
Al .- .- 0,002 0, 0010 0,0020
[ 0,03 0,01-0,04 0,01-0, 04 0. 0050 0, 0050
Ca -- -- 0,002 0, 0010 09,0026
Co - - 0,002 - 0, G03v
Cr - .- 0,004 0, 0050 0, 0020
Cu .- - 0,002 0, 0010 0,0020
Fe 0,008 0.010 0,010 0, 0050 .0850
H 0.0005 0. 0005 0,001 0, 0010 0,060
| K -- -- 0,001 - --
Pb -- - 0,002 0,0010 0.0015
Mg - - 0,002 9. 0010 $.0020
‘ Mn - - 0,002 0. 0010 0,0010
Mo 99,9 mn 33.9 mun 99,9 min -~ 99,95 ramn
| 0,001 -- --
0,001 0, 0020 0,020
0,002 0. 0050 0,0050
o] 0, 0015 0, 0015 0,002 0. 0030 0.0100
S 0,608 0,008 4,020 3, 0050 09,0050
Sn .- - 0.0%4 0,0050 0,0050
T - - 0,0u2 .- 0,0020
w -- -- 0,002 - 0.0030
yA - - 9,002 - 0.0020
{a) For forgany bllets.
{}) ror arought bars,
(c) For biliets, bas, plate, and sheet.

(G} For miluzr slabs, and negs.

Na - --

N 0, 002 ¢, 002

N1 0,002 0, 002
(e) Fur heer, plate, and bar.




2 Physical Properties

a.

b.

Melting point: 4730 Fl13)
Density: 0,369 1bfin. 3(13)
Thermal expansion: Figure A-1
Thermal conductivity: Figuve A-2

Electrical resistivity: Figures A-3 through A-5
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FIGURE A-1, EFFECT OF TEMPERATURE ON THE LINEAR THERMAL
EXPANSION OF COMMERCIAL-PURITY MOLYBDENU}(14)
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FIGURE A-2, EFFECT OF TEMPERATURE ON THE THERMAL CONDUCTIVITY
OF COMMERCIAL-PURITY MOLYBDENUM(14)

Temgoranre €
2000 0 mo_won om0 o om0 io 20 200
wof f -—
[4 - B I 1
t 4 P
3 )/
] —
< ] R -
a -/», .
[ SEN S
¥
- OV/ .- - 4 - ——b gy »
—i 1L
SR Wl Am R Po Y ww s e an
Terpeotar . mes

FIGURE A-3, EFFECT OF TEMPERATURE ON THE ELECTRICAL
RESISTIVITY OF COMMERCIAL-PURITY
MOLYBDENUM(15)




Example:
Resstance per foot of .002-inch-dixmeter
molybderum at SO0 K = 16.7 ohms

Temperature, K
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FIGURE A-4. ELECTRICAL RESISTANCE VERSUS TEMPERATURE
NOMOGRA PH FOR UNALLOYED MOLYBDENUM(16}




A-6

00
30
B x
1 €
(3]
g '
2 £
> 20 5
2 x
%
& 3

=—— Reference |7
O~=— Reference 18

° ] ] ] o
o 500 1000 150C¢ 2000 2500 3000
.smpergture, K

FIGURE A-5, ELECTRICAL RESISTIVITY OF MOLYBDENUM AND ITS
TEMPERATURE CCEFFICIENT




3.

A-7

Mechanical Properties

a.

(2]

Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-3 through A-10
Figures A-6 through A-11

Tensile yield strengch: Tables A-3 through A-10
Figures A-6 through A-9

Elongation: Tables A-3 through A-10
Figures A-6 through A-8 and Figure A-11

Reduction in area: Table A-10
Figure A-6

Modulus of elasticity: 47 x 106 psi{12, 16)
Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-11
Figures A-13 through A-17 and A-19 through A-21

Tensile yield strength: Table A-11
Figures A-12 through A-14 and A-16 through A-19

Elongation: Table A-11
Figures A-13, A-16, A-17, A-19, and A-20

Reduction in area: Table A-11
Figures A-12, A-13, A-16, and A-18

Modulus of elasticity: Tables A-11] and A-12
Figures A-~22 and A-23

Notched Tensile Properties
Figures A-24 through A-33
Creep and Stress-Rupture Properties

Tables A-13 through A~16
Figures A-24 through A-44




A-38
e. Other Sclected Mechanical Properties

Hardness: Table A-17
Figure A-45

Bend ductility: Table A-18

Compressive strength: Table A-19
Figures A-46 and A-47

Shear strength: Table A-20
Figure A-48

Impact strength: Figure A-49

Fatigue strength: Figures A-50 through A-52




TABLE A-3. MINIMUM TENSILE-PROPEPTY REQUIREMENTS FOR ARC-CAST AND
POWDER-METALLURGY MOLYBDENUM ROUND RODs(4) @

Mimmum Minimum
Tensile Minimum ¢ield Elongation in
AMethod of Diameter, Strength, Strength (0.2% 1 Inch,
Consolidation Condition inches 1000 psi Offset), 1000 psi per cent
AC or P Stress relievea 0.020 to 1/8, mncl, 85 65 :5(b)
Ower 1/8 10 12,32 it 55 15
Over 13, %2 10 7/8 99 5 18
Over 7/8 to 1-1/8 85 10 15
Over 1-1/8to 1-7/8 75 65 10
Over 1-7/8 10 2-1/8 70 60 10
Over 2-7/8 10 3-1/2 65 H] 10
AC Recrystallized Under 2 60 35 20
210 3-1/2 55 25 20
(2) Propemies shall be determined uany 2 test rate of 0, 002 to 0, 0U5 inch per inch per minute through 0,6 per cent offser,

dten 0, 02 to 3. 04 1nch per inch per minute to fracture.
{b) In 101nches,

TABLE A-4. TENSILE-PROPERTY REQUIREMENTS FOR ARC-CAST AND POWDER-METALLURGY
MOLYBDENUM > rRIP, SHEET, FOIL, AND PLATE(®)(3)

Tensile Minimum

Strength Yield Suength Minimum Elongation 1n 2 Inches, per cent
Range, (0. 2% Offset), Equal to or Less Greater Than
1000 pst 1000 pst Than ¢, 020 In, 0,020 In,
0083 45 4] 10
¥5-110 10 5 10
110-135 30 3 5
135-160 110 2 5

(a) Propesties shall be determined using a test rate of 0, 002 to 0, 005 inch per inch per
minute through 0.6 per cent offset, then 0.02 10 0,051nch pr .nch per minute to fracture,




TABLE A-5. TYPICAL ROOM-TEMPERATURE TENSILE DATA FOR ARC-CAST STRESS-
RELIEVED MOLYBDENUM ROUND BAR PRODUCED BY CLIMAX(a)(19)
Average Average Yield Average
Tensile Stingth (0.2% Elongation In

Diameter, Strength, Offset), 1 Inch,

inches 1000 psi 1000 pa per cent
1/4 105 96 37

1/2 105 95
5/8 99 90

3/4 92 84 15
/e o8 86 30
1 98 85 30
1-1/8 96 87 )
1-1/4 89 € 26
1-1/2 92 80 20
1-3/4 85 18 20
2 15 40
2-1/8 4 3
2-1/2 14 28
2-3/4 80 10 20
4 k1] 68 21

(a) Cuold Water Production Facility. All data from 6-inch-dianx ter arc-cast 1ngo's covering
a S-year period, Material stress relicved 1/4 to 1-1/2 hours at 1700 to 1850 F, Test rate
0, 002 inch per inch per minute in the elastic range, then 0.05 inch per inch ver minute to

fracture,

AU Y

cate

S
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TABLE A-6, ROOM-TEMPERATURE TENSILE PROPERTIES OF UNIVERSAL Cx CLOUPS ARC-

CAST MOLYBDENUM PLATE AND SHEET PRODUCTS(2X9, 10)

Property Muimum Typical
Plate, Over 3/16 Inch 10 1/2 Inch
Tensile Strength, 1009 psi 80 105
Yield Strength (0. 2% Offset), 1000 psi 83 95
Elongation 1n 2 Inches, per cent $§ 8§
Plate, Over ®/2 luch to 1-3 /2 Inches
Tensile Strength, 1000 pa 85 1vo
Y1eld Strength (9. 2% Offset), 1000 psy 80 90
Elongation in 2 Inches, percent 4 6
Sheet, 0.020 inch and Undzot
Tensile Strength, 1000 psi 90 105
Yield Strength (0. 2% Offset), 1000 psi 85 100
Elongation in 2 Inches, per cent 8 12
Shicet, Over 5.028 lach
Tensile Strength, 1000 psi 95 110
Yield Strength {v. 2% Offset), 1000 psi 85 100
Elongauon 10 2 Inches, per cent 10 14

(2) Test tate 0,05 1:ch per inch per minute,

TABLE A-7. ROOM-TEMPERATURE TENSILE PROPERTIES OF SYLVANIA POWDER-
METALLURGY STRESS-RELIEVED MOLYBDENUM PLATE AND SHEET

PRODUCTS(*X11)
Property Minimum Typical

Plate

Tensile Strength, 1000 psi 15 90

Yield Strength (0.2% Offset), 1000 psi 65 70

Elongation in 2 Inches, per cent 2.5 4
Sheet

Tensile Strength, 1000 psi 90 100

Yield Strength (0.2% Offset), 1000 psi 85 90

Elongation 1n 2 fuches, per cent 10 13

(a) Test rate 0. 005 inch pet inch per minute to 0.6 per cent ofiset, then 0. 05 inch per inch

per minute to fracture,




TABLE A<§. ROOM-1EMPERATURE TENSILE PROPLKTIES OF CLIMAX ARC-CAST MOLYBDENUM SHEET (1/i6 INCHY=0)

Stress Rehieved Recrystallized
Property Long. Trans. Long. Trans.

Tonsale strength, 1000 pss

Aiumum I3 .4 62,2 8.2

Movmium 105, 5 1w, 2 66,5 46, 0
Y .¢ld Strengn (V. 2% Offset), 1060 pa

Mupnium 99,7 82,7 45.5 43.7

sMax.mum 9.8 9:.8 01,3 58.5
Elonyanen, per cent

Munmu 20 1o 40 16

A\ \unum 27 p2 58 49

TABLE A-9.

ROOM-TEMPERATURE TENSILE PROPERTIES OF
POWDER-METALLURGY TUBING'3XZ24)

Tensile Yield Efonpauon in
Strength, Strenyh, 2 Inches,
Temper 1000 ps1 1090 ps, per cent
Recrystallized 65 max 50 may 5 min
Stress reheved 9 mav 60-83 8 mun
Half-hard 85-130 5-119 2 mun

(2} tor twhmy having 1/8-1ach OD or larger and 0, 015-1nch wall or heavier,
0, D19 L Ay, U u0ThR G AN, Vo VUSh N nids, S, 0% 1, 0,010% N1, and 0, 010% Si.

Typical anclyses




TABLE A-10. SOME SELECTED ROOM-TEMPERATURE TENSILE PROPERTIES OF MOLYBDENUM

Tensile Yield Strength Reduction
Strength, (V. 2% Offser), Elongation, m Aiea,
Condition 1000 ps1 1000 psi per cent per cent Reference
Reciystallized bar (7/16 inch)(?) 67,2 85,9 23 19.9 (22)
67.7 60.4 21 18.5 (22)
Sisterelieved rod (5/8 mch)(b) 114.4 .- 39 67.6 (23)
116.5 .- 37 68,2 (23)
As=tolled r0d (5/8 inch)€) 15,2 78, 3(d) 40 vl (29)
Stress=rcheved rod (5/5 inch)(€} 97,2 32, 9(d) 42 69 (24)
Recrystathizea sou (978 1nin){<} 68,2 55,9 42 37.8 24)
Rolled square bar (1/2 wmch)€)
€. 1%, 180CF 13,6 55.6 56 5.9 (25)
8.6%, I80OF 3.3 5.1 53 33,7 (25)
17.1%, 1800F 5,8 ol 4 50 53,1 (25)
26,195 1800F 80,9 68,2 40 59,4 (25
48.8%, 1800F 9,5 33.8 41 65.4 25)
79.3% 1800F 93,9 2,6 o 24,2 (25)
5,07 C200F 4.6 v2.8 45 47,1 (25)
10.4%, 2260 F 4.2 66,2 42 a1 25)
16,5%, 2200F 80,6 69,9 36 43,3 (25)
Qo6 C200F 34,0 .4 23 20.4 (29)
48.8%, 2200 F 2,7 31,4 1 1.6 (25)
19.3%, 2200 F 9,6 89.1 24 27.3 (25)
Cold-swaged matcnal (8820 9,1 95 18 - (26)
Ac-cast inatenial 4.3 .- ¢ 0 27
As extrude * aches) 70,9 92,7 1 0.8 27)
As-tolled round (2 :nches) 82,3 6.3 23 3%.3 (1))
As-tolled round (1 anch) 92,4 12,2 36 30 (™))
As-toiled Round (5/8 inch) 109, 3 84,7 36 36 [¢4))

(a) 0,002%C.

(b) 0.030%C.

(c) 0, 015%C.

(S) 0,1 per cent ofiset.

{e) £,025.C.

(f) 0, 0035 O, 0. 0003%H, 6,0015% N, and 0, 05%C,
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FIGURE A-7.
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EFFECT OF STRAIN RATE ON THE ROOM- TEMPERATURE
STRENGTH PROPERTIES OF ARC-CAST STRESS-RELIEVED
{1/2 HOUR AT 1800 F) MOLYBDENUM BAR(29)




FIGURE A-10,

Tensiie Strength, 1000 psi

FIGURE A-1l1.
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RELATION BETWEEN TENSILE STRENGTH AND DIAMETER
FOR DRAWN MOLYBDENUM WIRE(30)
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TENSILE STRENGTH AND ELONGATION OF MOLYBDENUM
WIRZ (0.004-INCH DIAMETER) AS A FUNCTION OF THE
ANNEALING TEMPERATURE(30)
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TASLE A-11. EFFECT OF TEMPERATURE ON THE TENSILE PROPERT:2S OF POWDER-METALLURGY AND ARC-CAST
SECTIONS TAKEN FROM MOLYBDENUM FORGINGS(2X31)
Teasile Yield Strength Elongation in Modulus of
Strength, (0.2% Offset), 1inch, Reducton in Elaticliy,
Temp 10c0pst 1000 pat pet cent Area, per cent 10° pal
Sectioa®) F Axial Tang.  Axfal Tang.  Avial Tang. Axial Tang.  Axial Tasg.
PM Ring, RT 6.7 82.8 83.0  13.6 .- 40,3 -- 58,9 49,9 432
Supplier 1 500 63,3 615 6.5  58.7 20.7 26,0 60,5 68,4 45,6 436
1000 58.8 53,4 5.8 5.8 19.7 20,0 69.3  11.8 40,5 38,4
2000 42,0 3.3 39,3 36,4 1.3 20,0 78.3 84,8 #.6 213
3000 7,38 .53 5.04 522 280 2.3 68,5 a8 8.0 59
4200 1.60 1,69 1.42 1,61 18,0 26,0 -- 88,3 2,0 1.1
PM Ring, RT 9.3 958 86,3 89,1 39,3 40.3 61.7 583 45,8 45,0
Supplier 2 500 64,4 66,2 $5.1 59,3 34,7 3L0 55.1  11.2 42,2 40,9
1000 544 55.4 L5 52.5 22,3 23,0 §8.2  15.5 33,8 88,0
2000 H.8 214 339 16,3 247 30.5 >80 390 21,6 154
3000 5.6 5.0 4.4 3,7 3.7  25.7 82(c)  golc) 10,4 7.1
4300 10 12 0.9 L2 1.0 13.7 28,0 43.8 1.6 1.1
AC Ring, RT 86.1 89,1 84.7  8L4 31.3 .5 52,3 48,8 45,0 42,1
Supplier 2 500 55.7 S8 38.6 4.1 35.3 350 7.3 66.9 M9 387
1000 3.8 8 2 U1 2.3 200 80.8 118 2,3 85,3
2000 28,7 .3 22,2 310 28.3  24.3 a9.2  Re L 25,8 2.9
3000 5.49 6,10 3,51 387 .3 3.3 910 >90 8.4 7.6
4500 0.614 0.461 0.508 0349 .. .. - -- 12 12
AC Liner, s 77.008) 75.6()  76,1(€) 75,5(€) 21,00c) 17,07 23.9€) 14.6(¢) 46,6(c) 41, 7€)
Supplier 2 500 46.9 43,2 40,2 3.0 3.1 32,0 80.2 76,9 41,6 40,8
1000 3.0 40.5 .0 38,7 8.4 251 8.4 19.8 3.6 45.6
2000 a1 30.6 29,8 30,1 20.4 21,7  >90  >90 3.0 36,1
3000 5.31  5.18 3.89 3,7 3L7 30,0 >90  >90 2.8 1.0
4500 0.562 0,582 0,415 0,443 2.6 2,5 -- - 1.1 10

(a) Dsta given are the average of three tests, Test rate 0,005 inch per inch per minute to 2.5 per cent offset, then 0, 05 inch

per inch per minuwe to &

for roomy

P

tests, Allel

q

tests were

d in argon, heated

by resistance at 100 F per second, held at temperature for 30 seconds, and then loaded at a rate of 0,05 fnch pet fach per
minute to fracture,

(b) Chemical anak

]

PM Riog, Suppll

1, 0.020%S1, <0,001% N1, 0,003% Fe, <C 001% Mn, <O, 001% Mg, <0.001%Cr,

5,335 W, 0,002% Sa, 0,001% C., <0,0Ul%C3, and 0.001% Al. PM Ring, £.:olier 2, 0,006%C, 0.001%S1, 0.001% Nf,
v,003%Fe, 0.001% Mn, C,001% Mg, 0.001%Cr, 0,003% W, 0,001% Sn, 0,001% Cu, 0,001%Ca, 0,001% Al 0,0022% 0O,
0.0006% H, and 0.000s% N. AC Ring, Supplier 2, 0,020-0.028%C, 0,003-0. 0% 54, 0.001% Ni, 0.001-0,002% Fe,

0,0003-0, 0007% O, 0.00001-0.00002% H, aand 0, 0001-0, COO4% .
0.001% Ni, 0,002% Fe, 0.0002% 0, 0.001%H, and 0.0001%N. A

is given below:

{c) One test,
(d) Two tents.
(¢) Four tens.

AT Liner,

Swoplier 2,
a

0.015% C, 0.002% si,

d used

M Ring,
Supplier 1
Billet

Upset
Recrystallize
Upset

Punch

Cup

Stress relieve
Pant 20d rough machine dng
Ring roll
Stress relieve

' ing forging
AC Ring, AC Lines,
Supplier 2 Supplier 2
Billet Billet
Upset Block & pierce
Back extrude Shape
Stress relieve Stress relieve
Pant & face fings
Shape
Stress relieve




“ABLE A-12. EFFECT OF TEMPERATURE ON THE MODULUS Of ELASTICITY

OF MOLYBDENUM

Temperature, Modulus of Elasticity, 106 psi
F Ref. (16) Ref. (2)3)
RT 47 40,8
400 - 35.1
500 44 --
600 .- 36.1
800 - 34.9
1000 42 31.0
1200 - 32,9
1400 .- 21.2
1600 - 25,6
1800 - 25.4
2000 a8 21.4
2200 .- 17.4
2400 -- 8.55
3000 15 -
2750 4 .-
4500 0,2 --

(a) From 3/14-inch-diameter arc-cast hat-cold-iolled stress-relieved bar. Data

4

from ion tests

L

ted in argon at 0. 05 inch per minute.
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FIGURE A-12, LOW-TEMPERATURE STRENGTH AND DUCTILITY OF
COMMERCIAL-PURITY POWDER-METALLURGY AND
ARC-CAST RECRYSTALLIZED MOLYBDENUM BAR
{5/8-INCH DIAMETER)(28)

Rolled 1650 to 1830 F from 2-1/&-~inch square to 5/8-
inch round, recrystallized 2190 F.
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FIGURE A~13. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF COMMERCIAL- PURITY SWAGED AND RECRYSTALLIZED
MOLYBDENUM BAR (1/4-INCH DIAMETER)(33)

Recrystallized 20 minutes at 2300 F.
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HIGH~-TEMPERATURE STRENGTH OF ARC-CAST MOLYBDENUM
SHEET AT DIFFERENT STRAIN RATES AND HOLDING TIMES(34)

Specimens were heated to tesi temperature within 20 seconds and
tested in argon.
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EFFECT OF TEMPERATURE ON THE SHORT-TIME TENSILE
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MOLYBDEMNUM(35)




Tensile Strength, 1000 psi

Yield Strength, 1000 psi
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FIGURE A-16.

EFFECT OF THERMAL TREATMENT AND TEST
TEMPERATURE ON THE PROPERTIES OF

MOLYBDENUM({24)

Elongation, per cent

Reduction n Areo, per cent




FIGURE A-17.
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EFFECT OF TEMPERATURE AND THERMAL TREATMENT ON THE
TENSILE PROPERTIES OF COMMERCIAL-PURITY ARC- CAST
MOLYBDENUM BAR (7/8-INCH DIAMETER)(28)

Aluminum coated tested in air.

Test rate 1000 psi per minute.
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FIGURE A-18. EFFECT OF STRAIN RATE ON THE LOW- TEMPERATURE

STRENGTH AND DUCTILITY OF COMMERCIAL- PURITY
RECRYSTALLIZED POWDER-METALLURGY
MOLYBDENUM BAR (5/8-INCH DIAMETER){24)

Recrystallized 1 hour at 21G0 .
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Temperature, F
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FIGURE A-20. TENSILE STRENGTH AND ELONGATION OF MOLYBDENUM WIRE

(0. 012-INCH DIAMETER) AS A FUNCTION OF THE
TEMPERATURE FOR DIFFERENT ANNEALING GONDITIONS (30)
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FIGURE A-21l, EFFECT OF TEMPERATURE ON THE TENSILE STRENGTH
OF MOLYBDENUM WIRE AS A FUNCTION OF DIAMETER(37)
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FIGURE A-22. EFFECT OF TEMPERATURE ON THE DYNAMIC MODULUS
OF ELASTICITY(24)
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FIGURE A-.2), EFFECT OF TEMPERATURE ON THE STATIC MODULUS OF
ELASTICITY OF ARC-CAST MOLYBDENUM(23)



Strength, 1000 psi

Reduction in Area, per cent
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FIGURE A-24. UNNOTCHED AND NOTCHED STRLi.C 24 AND DUCTILITY

OF COMMERGIAL- PUR'TY ARC-CAST STRESS-
RELIEVED MOLYBDENUM BAR AND SHEETI{24)

Stress relieved 15 minutes at 1830 F.
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FIGURE A-25. NOTCHED STRENGTH AND DUCTILITY OF COMMERCIAL-PURITY
ARC-CAST AND POWDER-METALLUJRGY MOLYRDENUM DAR(28)
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FIGURE A-27. TENSILE PROPERTIES FOR WROUGHT, STRESS-RELIEVED
ARC-MELTED MOLYBDENUM BAR (1/4 HR AT 1000 C;
HARDNESS 234 VHN){%2)

Unnotched  Notched Impurity Weight Per Cent
Crosshcad Speed,

inch per minute 0.02 0.005 C 0,002
(o] 0.0022
N 0.001
H 0. 00006
Ta <0.2
w <0.1

Others <0, 05

Noteh=Unnoteh Strength Retio
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FIGURE A-28. TENSILE PROPERTIES FOR RECRYSTALLIZED ARC-MELTED
MOLYBDENUM BAR (1L HR AT 1360 C; HARDNESS 188 VHN;
ASTM 7. 2)(22)

Unnotched Notched Impurity Weight Per Cent
Crosshead Speed,
inch per minute 0.02 0. 005 o 0,002
o 0.0022
N 0,001
H 0. 00006
Ta <0.2
w 0.1

Others <0, 05

Notch-Unnotch  Strength Ratio
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FIGURE A-49.

Crosshead Speed,
inch per minute

TENSILE PROPERTIES FOR WROUGHT, STRESS-RELIEVED
ARC-MELTED MOLYBDENUM SHEET (1/4 HR AT 1000 C;
HARDNESS 222 VHN){22)

Unnotched Notched Impurity Weight Per Cent
0.02 0. 005 C 0.026
(6] 0.0009
N <0. 001
H 5. 0U006
Ta <0.2
w <0.1

Others <0.05

Notch-Untotch Strength Ratio
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FIGURE A-30.

TENSILE PROPERTIES FOR RECRYSTALLIZED ARC-MELTED
MOLYBDENUM SHEET (i'4 HR AT 1300 C; HARDNESS
168 VHN, ASTM 7. 1){22)

Unnotched Notched Impurity Weight Per Cent
Crosshead Speed,
inch per minute 0.02 0.00% C 0.026
o 0.0009
N <0.001
H 0.00006
Ta 0.2
w <0,1

Others <0.05
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FIGURE A-31. UNNOTCHED AND NOTCIIED BAR TENSILE TEST

SPECIMENS USED TO OBTAIN DATA SHOWN IN
FIGURES A-32 AND A-33
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FIGURE a-32,

EFFECT OF STRUCTURE ON THE UNNOTCHED AND NOTCHED
TENSILE STRENGTH OF ARC-CAST MOLYBDENUM BAR(38)

Unnotched Notched Impurity —PPM

Crosshead Speed, G.C2 0,305 C 240-330
inch per minute (o] 5-6
N <10
H <l

oy b o ke AT Y
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FIGURE A-33. EFFECT OF STRUCTURE ON THE UNNOTCHED AND NOTCHED

REDUCTION IN AREA OF ARC-CAST MOLYBDENUM BAR(38)

Unnotched Notched Impurity PPM
Crosshead Speed, n, 02 0. 005 C 240-330
inch per minute (o] 5-6
N <10
H <1
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TABLE A-13. CREEP AND RUPTURE CHARACTERISTICS OF FORGED ARC-CAST MOC..YBDENUM AXIAL RINGS
AT 1500 TO 4300 £(3X39)
Time, sec, to Produce Indjcated Amount Plasdc Deforma-~
Tempetature, Stress, of Deformation don in 1 Inch,
Heat®) F 1000 pst 1% 3% 5% Rupture per cent
0695 1500 50,5 127 153 154 ItH) 23,0
0695 50,0 1% 103 105 106 22,0
9917 39,0 36 84 123 151 2%.0
9915 38,0 80 339 AN 526 22.¢
9915 2000 22,0 19 30 3% 39 26,0
9915 22,0 9 127 47 161 26,0
9915 22,0 50 9 93 104 27.0
9915 2L.15 118 171 194 205 28,0
9915 21,09 80 122 142 157 29,0
0695 2500 1,0 26 28 36 44 28,0
0695 9.8 11 70 207 32 3L0
9916 9.5 5 16 23 30 32,0
9916 9.2 12 32 53 253 30,0
9916 8,65 [ 38 168 33 28.0
9915 6.94 209 209 1022 11e 30,0
0695 3000 5.6 14 24 40 53 4.0
0695 5.3 14 53 95 it 35.0
9917 24 3 17 27 66 37.0
9917 4.5 14 63 122 236 37.0
99117 3,86 21 124 247 431 4.0
817 3,34 21 233 389 674 36.0
089S 3500 2.3 16 ] 52 122 4.0
9916 2.2 13 3 Eyd 175 30,0
0695 2,16 iH] 126 161 154 30,0
0695 2215 15 63 101 188 30,0
0695 1 u 55 91 205 30,0
9916 2,05 9 39 80 182 29,0
0685 4000 1.0 18 2 51 10 29.0
0695 0,950 17 37 56 16 28.0
0695 0,800 1s 46 n 104 30,0
0695 0.800 23 64 120 193 29,0
0695 0.860 8 83 120 162 29,0
0695 0,850 10 33 54 116 30,0
0695 4390 0,510 8 H 57 157 10,9
0695 0,50 31 2 123 250 12,0
0695 0.48¢ 16 65 129 220 12,0
428 2,480 9 26 41 107 4,3
0685 0.4350 28 68 a1 157 10.3
0695 0.450 30 9 163 257 10,3
(3) Specimens were Toaded at room temperature and tnen resistance heated to temp in approx ly 20 d:
(b) Chemical analyses are given below:
Weight Per C nt
Heat L st Ni _Fe o H N
035 0,018 0,601 0,001 0.001 0, 0002 0,0001 0,001
9915 0,023 0,003 0.00} 0,002 0,0003 0, 00001 0,0001
991€ 0.020 0,004 0,001 0,001 0,0004 0, 00002 G, 0001
917 0,828 0,Gué 0,001 0.%01 0,2007 0, 00003 0,0004
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TABLE A-11. CREEP AND RUPTURE CHARACTERISTICS OF FORGED POWDER-MCTALLURGY MOLYBDENUM AXIAL RINGS
AT 1506 TO 4300 F(2K39)
Time, sec, to Produce Indicated Amount Plasuc
Tempesature, Stress, of Deformation Deformation in 1 Inch,
F 1000 psa i % 5% Rupture per cent

1500 41,85 49 54 55 59 19
41.6 51 64 a7 69 pid]
41.5 164 289 pis: 299 19
41.5 213 282 351 353 19
40,8 635 13% 1595 1587 19
20666 36.8 5 6 8 8 21
30.0 R 49 5t 52 23
29.8 9 20 22 26 26
29,5 70 38 101 103 24
22.€ 62 17 124 132 21

28.1 111 116 172 175 2
2500 12,0 17 27 33 62 31
11.0 11 X 39 133 3¢
10.0 10 35 80 143 29
8.83 11 35 58 318 32
.95 32 ES) 172 %86 31
A0 i izo 279 575 21
3006 6.0 & 13 19 42 31
5,61 13 RX] 44 it 34
5.44 11 41 & 205 29
5.19 10 53 163 237 29
5.0 12 76 135 295 30
4.4 14 13 289 525 27
3500 2.8 17 41 47 52 33
2.75 1 40 R 114 30
2.7 3 Y] IN] 106 31
2.5 73 150 174 2681 29
2,2 101 303 369 386 <8
2.1 2 198 203 214 29
400¢ 1,98 11 e 26 27 pa
1.75 1€ 26 KVs 36 29

1.5 28 62 €7 K} <
1.35 62 8 81 85 25
1,30 29 61 65 i 27
1.25 57 94 35 lend o
4360 0. 664 3 39 .- 40 -
0,750 31 23 -- 38 -
2,680 32 52 -- 53 --
0,650 2 105 - 105 -
0,580 ey 119 - 200 -
0,522 134 200 .- il -

(1) Sixxcimens were loaded at room temperature and thea sesiaance heated to tempe:atuse i appickimately 20 seconds.
Che:mical saahyses 0.61%7 S), 0.001% N1, 0,602% Fe, 0.001% Ma, 0.061% Alg #0001 Cr, 0, 002% W, 0.001% Sa,
©,0017 Cy, 0,001 Ca, and Q. 00iC Al

——— —— &



TABLE A-15. STRESS TO PRODUCE 5 PER CENT CREEP DEFORMATION IN
1 MINUTE FOR FORGED ARC-CAST AND POWDER-
METALLURGY # XIAL MOLYBDENUM RINGS AT DIFFERENT
TEMPERA TURES(39)

Stress, 1000 psi, to Produce 5 Per Cent

Temperature, Creep Deformation
F Arc Cast Powder Metallurgy

1500 43,0 41.9

2000 22,3 29.6

2500 9.8 10.6

3000 5.4 5,45

3500 2.26 2,85

4000 0,950 1,54

4700 0,188 S, 7eded

(3) Specimen rupturcd bef~re § per cent creep deformauon. Pesult shown is stress
to produce 2 per ccnl Jeformation 1 1 minute,

TABLE A-16. RUPTURE PROPERTIES OF WROUGHT GRAIN-REFINED MOLYBDENUM SHEET(3N40)

Sheet Time to Elongation in

Temperatuze, Thichness, Stress, Rupture, 2 Inches,

F tnch 1000 ps1 minutes pet cent
2700 0. 960 10.0 4.8 5.9
0,059 8.0 11,8 12,5
0,059 5.0 613 14,2
2000 0, 060 7.0 L1 3.0
0,060 4.1 6.6 8.6
0,060 4.1 13.4 9.4
. 0. 061 1.9 102. 8 4.8

() 6-nch diameter mngot, forged to sheer bar at 2050 to 2250 F; 1-inch sheet bar rolled to 1/4-1nch plate at 1300 F, anneasd
at 2100 F, and rolled to final sheet thickness starting at 1000 T and finishing at room temperature.
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FIGURE A-34, RUPTURE-STRENGTH RANGE FOR COMMERCIAL-PURITY
STRESS-RELIEVED MOLYBDENUM BAR (5/8- TO 1-INCH
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FIGURE A-35, RUPTURE-STRENGTH RANGE FOR COMMERCIAL-PURITY
STRESS-RELIEVED AND RECRYSTALLIZED MOLYEDENUM
SHEET (0. 062 INCH) AT 1800 and 2000 F{(41)
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CREEP AND RJUPTURE CURVES FOR COMMERCIAL-PURITY
ARC-CAST STRESS-RELIEVED MOLYBDENUM BAR
(5/8-1ICH DIAMETIER) AT 1000 TO 2000 F{42)

0. 015% carbon,
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FIGURE A-37. CREEP AND RUPTURE CURVES FOR COMMERCIAL-PURITY ARC-
CAST RECRYSTALLIZED MOLYBDENUM BAR (5/8-INCH
DIAMETER) AT 1000 TO 2000 F{42)

0.015% carhon.
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FIGURE A-38. RUPTURE CURVES FOR STRESS RELIEVED AND
RECRYSTALLIZED MOLYBDENUM BAR
(5/8-INCH DIAMETER) AT 1000 TO 2000 Fi+'}

Stress relieved 1 hour at 1800 F.
Recrystallized 1 hour at 2150 F,
. 0,015% carbon,
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2000 #(43)
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RUPTURE CHARACTERISTICS OF POWDER-METALLURGY
MOLYBDENUM AT 2910 TO 4930 v(44)
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HIGH-TEMPERATURE CREEP AND RUPTURE CURVES FOR
ARC-CAST MOLYBDENUM SHEET (0,060 INCH) IN ARGON(34)

Specimens werc loaded at room temperature and heated
rapidly to test temperature, Creep mcasurements were
made for maximum timc of 5 minutes,
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HIGH- TEMPERATURE RUPTURE CURVES FOR COMMERGIAL-PURITY
POWDER-METALLURGY MOLYBDENUM BAR (1/4-INCH DIAMETER)
IN HELIUM(24)
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FIGURE A-43. STRESS-RUPTURE PROPERTIES OF AS-RECEIVED
POWDER-METALLURGY AND ARC-CAST MOLYB-

DENUM SHEET {0. 610 TO 0, 020 INCH) IN
HYDROGEN AND ARGON AT 3990 F(45)
Mcthod

of Analyses, pom .
ldenufication Comsolidation € O N H Fo W St Ma Cu &2 Al & VvV 1
1 PM 67 133 i5 13 100 <400 <90 <100 <10 <56 <50 <50 <100 <S50
2 AC 68 1M 16 12 200 <400 Q0 <130 <1) <50 <50 <S50 <106 <50
3 AC 4 129 4 12 iCO -400 100 <100 <10 <50 <50 <50 <100 <50
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FIGURE A-44. LARSON-MILLER PARAMETER AS A FUNCTION OF STRESS FOR
ARC-CAST MOLYBDENUM SHEET (0.010 TO 0.020 INCH)(45)
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TABLE A-17. HARDNESS SPECIFICATION FOR WROUGHT AND RECRYSTALLIZED
ARC-CAST MOLYBDENUM BARS(3)(6)

Diamerer, Hardness, DPH(E)
ches Mimmum Maximum
Wrouggl
Over 13/32 to0 1/8 230 280
Over 7/8 10 1-1/8 225 270
Over 1-1/8 10 1-1/8 215 260
Over 1-7/8 10 2-7/8 210 250
Over 2-7/8 10 3-1/2 205 240
Over 3-1/2 10 4-1/2 200 230

Recrystalhized
Over 13/32 10 4-1/2 -- 200

(a) Hardness determined at rmid-radius of bar.
(b) 1C-ny load.

500 T ¥
Legend
400 — Recrystallized} _ |
= = As rclled
300

N\

200
\ N
~
S~

100 <
N N
] —a
-400 400 1200 2000 2800 3600

Temperature , F A 46062

Hardness, DPH

FIGURT A-45. EFFECT OF TEMPERATURE ON THE HARDNESS
OF COMMERCIAL-PURITY ARC~-CAST WROUGHT
AND RECRYSTALLIZED MOLYBDENUM(24)
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TABLE A-18. BEND DUCTILITY REQUIREMENTS FOR ARC-CAST MOLYBDENUM
PLATL AND SHEET(?)

Direction of Bend Radius Value, T
Bend Axts Maximum Typical

Plate, Up 10 0,250 Inch(9)

Pasallel to rolling 3 1

Transverse to roling 3 1
Sheet(10)

Paraliei to rolling 2 0

Tr:ansverse to 0lling 2 ¢

(23) 3/4 by Z-inch specimens. Moderate loading ratc.

TABLE A-19. SFFECT OF TEMPERATURE ON THE COMPRESSIVE
YIELD STRENGTH OF ARC-CAST MOLYBDENUM
BAR (3/4-INCH DIAMETERKaN32)

Temperature, Compresave Yield Strength
F (0. 2% Offser). 1000 psi
RT 1040
400 6.2
600 3.0
800 "9.4
1000 0B, 5
1z0¢ 66.8
1400 59.6
1600 58.6
1800 54,0
2000 46.8
2200 10,9
2490 5.65

(3) Tested in atgon at 0,05 inch per minute crosshead speed.
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EFFECT OF TEMPERATURE ON THE COMPRESSIVE YIELD
STRENGTH OF REGRYSTALILIZED COMMERCIAL-PURITY
POWDER-METALLURGY MOLYBDENUM BAR (0. 200-INCH
DIAMETER){(24)

Recrystallized 1/2 hour at 2280 F,
Test rate 2.8 x 10~4 per second,

60,

Stress, 000 s
r

20 5%
——— 2%
—— |, Creep

Time, hos A-48032

STATIC CCMPRESSION CREEP CURVES FOR COMMERCIAL-
PURITY ARC-CAST SWAGED MOLYBDENUM BAR
(0. 250-INCH DIAMETER) AT 1600 F(24)
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TABLE A-20, EFFECT OF TEMPERATURE ON THE SHEAR STRENGTH OF ARC-CAS1

MOLYBDENUM SHEET(36)

Temperatv.e, Shear Stength, 1000 pst
F 0.015-Inch Sheet 0. 060-Inch Sheet

-160 107 .
-50 84 -

0 89 15,18

32 84 69,75
5 83 9

200 64, 68 63,65
400 57 52
600 54 «d
500 50 45
1000 50 45
1200 46 42
1400 44 35
1600 39 32
1800 36 26

125
108 / \ Torsional stron rake g 2000
S T 0} st
75 —.125 per sec ——— § 1500 orsionol stron rete /
('
0% 2 125 per sec /
0 ,)< 0005 :i' 0o 025 -
\ ° [o] 0057
s - §. <200 '
q -J/ /
] 0 Z l
[ 500 1000 0 500
Temperature , F Temperature, F A 46063

FIGURE A-48. EFFECT OF TEMPERATURE ON THE SHEAR

PROPERTIES OF MOLYBDENUM(13)
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EFFECT OF TEMPERATURE ON THE IMPACT STRENGTH
(CHARPY V-NOTCH) OF POWDER-METALLURGY AND
ARC-CAST SECTIONS TAKEN FROM MCLY3DENUM

FORGINGS(2!}
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Cycles to Faure

FATIGUE PROPERTIES OF UNNOTCHED AND NOTCHED ARC-
CAST AND POWDER-METALLURGY MOLYBDENUM/(46)

Carbon Content,
weight per cent

Arc cast 0.04
Powder metallurgy 0.02

R. R. Moore rotating-beam machine, 10, 000 rpm,
Min:mum- section diameter, 0, 260 inch,
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L - TEMPERATURE FATIGUE PROPERTIES OF
POWDER- METALLURGY MOLYBDENUM SHEEY

(0. 025 INCH)(24)
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LOW-TEMPERATURE FATIGUE PROPERTIES OF
POWDER-METALLURBY MOLYBDENUM WIRE
{0. 004-INCH DIAMETER)(47)

Wire was anncaled to a room-temperature tensile
strength of 111, 000 psi.




4.

Metallurgical P:roperties

a,

Fabricability: initial breakdown of as-cast ingots is usually doue by extrusion;

forging is conducted at 2150 to 2350 F maximum, finishing
temperature 1500 to 1700 F minimum; for optimum propertics,
forging and reheating temperatures must be controlled to
produce at least 50 per cent reduction by warm work below the
recrystallization temperature, as each successive operation is
performed, the heating temperature must be lowered; reductions
of up to 90 pur cent are possible without an intermediate re-
crystailization anneal{*8i; recommended work temperatures
after extrusion are illustiated in Figures A-53 and A-54

Transition temperature: Tables A-21 and A-22

Weldability:

Figures A-55 through A-60

can be welded to 1tself or to any materal with which it readily
alloys by arc, electrical resistance, percussion, liasi.cr
electron~becam techniqucs; properly welded arc-cast molybdenum
has a ductility at room temperature satisfactory for assembly

and forming, but at slightly elevated temperatures (200 to 400 F),
the ductility is better, molybdenum prepared by powder-metallurgy
techniques does not behave as satisfactorily

Stress-relief temperature: 1600 to 1800 F(13)

Recrystallization temperature: Frgures A-61 through A-69
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TABLE A-21. EFFECT OF HEAT TREATMENT ON THE TRANSITION TEMPERATURE AND NOTCH SENSITIVITY
OF MOLYBDENUM BAR(38)

Difference Between Notch
and Unnotched Ductilaty

Ductility Transition Temperatute, C Transinon Temperature,

Condition Unnotched Notched (K¢ = 3) AcC
As wrought (259, % 200 128
As wrought {($8%) -25 175 200
Low temp, stress relieved =50 150 200
Hign temp, stiess rehieved -50 125 175
Recrystatlized (small grain) 50 200 150
Recrystailized (medium giain) 200 s 125
Recrystailized (large grain) 225 k24 1¢0

TABLE A-22, BEND-TRANSITION TEMPERATURE REQUIREMENTS FOR ARC-
CAST MOLYBDENUM PLATE AND SHEET(?)

Ditection of Bend-Transition Temperate, F
Bend Axis Maximum Typicai

Plate, Up to 0.250 Inch(%

Parallel to rolling 300 70

Transverse to rolling 300 70
sheer(1Y)

Parallel to tolling 100 65

Transverse to rolling 100 65

(a) Bend-transition temperature 1s defined 2s the minimum temperature at which a
specaimen will bend through 105 degrees with a mnderate vanable loading rate
over a IT radius without failing.
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FIGURE A-53. APPROXIMATE RECOMMENDED WORKING TEMPERATURES FOR

CORRESFPONDING AMOUNTS OF HOT-COLD WORK FOR ARC-
CAST MOLYEDENUM(49)
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FIGURE A-54. RECOMMENDED WORKING TEMPERATURE FOR
COMMERCIAL-PURITY MOLYBDENUM BAR AND
SHEET(24)

Applies to spinning, shearing, stamping, punching.
hydroforming, bending, stretch forming, and deep
drawing.

A
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EFFECT OF PRIOR PROCESSING ON THE BENI>-TRANSITION

TEMPERATURE OF ARC-CAST MOLY
(1/16 1NCH)(24)

Specimens 1/2 by 1 inch.
Test rate 19 inches per minute.

Bend radius I'T,

Data for seven sheets.

BDENUM SHEET
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BEND-TRANSITION TEMPERATURES FOR ARC-CAST

MOLYBDENUM SHEET (1/1¢ INCH) SUBJECTED TO
INDICATED THERMAL AND SURFACE TREATMENTS(20)
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RECRYSTALLIZATION BEHAVIOR OF ARC-CAST MOLYBDENUM
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Processing Schedule
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Mo-1.5Cb

1. ldentification of Material
a. Chemical composition: Mo-1.5Cb
b. Forms available: ingot and fabricated shapes on a best efforts basis
2. Physicat Properties
a. Density: 0.368 lb/in.3 (calculated)
3. Mechanical Properties
a. Tensile Properties at Room Temperature
Ultimate tensile strength: Table A-23
Tensile yield strength: Table A-23
Elongation: Table A-23
Reduction in area: Table A-23
b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-24
Figures A-70 and A-71

Tensile yield strength: Table A-23
Figures A-70 and A-71

Elongation: Table A-24
Figures A-70 and A-71

Reduction in area: Table A-24
¢. Creop and Stress-Rupture Properties

Tables A-25 and A-26
Figure A-72

d. Other Selected Mechamical Properties
Hardness: Figure A-73

Bend ductility: Figures A-74 throagh A-76




TABLE A-23,

A-76

ROOM-TEMPERATURE TENSILE PROPERTIES COF Mo-1.5C

& BaR AND SHEET

Compositien Teibtiv Yield Reduction
(Balance Molybdernm) Strength, Strength Eloagatton, n Area,
weght per cent Condition 1000 pu 1000 psi per cent per cent
Bar (1 1-lnch Dn.nct_gL)“)
1 41Ch-0 047C As rolled 157 5 11 g 3 3.3
Stress retieved, 1 hour 21u0 F 127.8 107.9 4 2.5
Recrystalhized, 1 hour 2550 F £1.17 8.9 44 36.8
1 1aCh-1. 250 As rolled i65.5 121.4 2 1.6
Stress reheved, 1 hour 2o F 155.6 120.2 1 0.8
Reciystallized, 1 hour 2700 b 102,17 67.9 14 11.4
Shget (0. u5Y Inch)(3)2)
1.35Cb-y.028¢(D) Stress telieved, 1 4 hour 1800 F 140.6 (L) 1209 (L) 10 (L)
147.7(T) 131.9(T) 7(T) -- »
l.35Cb-u.uZBC(b) Recrystalhzed, 1/4 hour 2300 F 9.7 (L) [2.7 (L) 38 (L) --
95.5 (T) 81.38 (T) 23 (T) --
1.35Ch-v. 028C(V) Sttess 1eheved, 1,1 hout 1800 F 135.3 (1) 111 3(L) 1v (L) --
145.5 (T) 129.8 (T) 6 (1) --
1.85Cb-0,028C(€) Rectystallized, 1,4 hour ¢4y F 32 T(L) 81.7 (L) 29 (L) --
Y9,% (T) 81.6 (1) 20 (1) .-

(a) Tests rate 0.005 nch per inch per nunute e the clastic range, then 0.05 wnch per inch per minute to fracture,

(b) Sheet rolled m an with a relatively low finishung temperatate.
(<) Sheet rolled m anr with a relattvely ingh fimshing temperature.




TABLE A-21,

EFFLCT OF TEMPERATURE ON THL 1ENSILE PROPERTIES OF Mo-1.5Cbh BAR AND SHEET

Composition lenule Yield Reducton
(Balancc Molybdem m). Temperature,  Strength,  Strength,  Eicogation,  an Area,
wercht per cem Condition F 10dv pat a9y pat per cent per cent
Bar (1 4-inch Dlamclcr)(l)
1.41Cb-u. 047C Suress relieved, 1 hour 21uu F 1800 37.8 63.0 17 56.1
2100 23,7 4.1 ki 4.6
1 41Cb-0.047C Recrystallized, 1 hour 2550 F 1804 41,0 20.2 25 35.4
200 21.6 11.8 31 37.9
1.45Cb-u.25C As olted 18u0 99,6 62.4 20 §5.3
1.43Co-v.25C stress relteved, 1 hour 20o0u F 1800 101,32 86.4 ki 14.5
. 2400 64 4 - 36 88.1
1.45Cb-.25C Recrystailized, 1 hour 2T00 F 189 45.4 190 ay 81.1
2 ans -- T 93,4
s .
sheel (u.050 1ncn){2)
1,35Cb-0.028CM) Stress relieved, i/4 hour 1804 F 2000 75.0 45,4 8 .-
1.35Cb~.v28CP}  Reuystatlized, 1 4 hour Zivo F 2000 1.0 -- 25,5 -
Ddens ] -- 3.5 --
3uui 7.5 - 55.5 -
1.35Cb-0.028C{9)  stress relieved, 1,4 1onr 1800 F 2000 73,9 -- 4 -
1.95Cb-4.028C(<) Recrystalhzed, 1/4 hour 2300 F 2000 .7 -- 18.5 --
2300 25.¢C -- 79 -
3000 8. -- 1.5 --

(b) Sheet rolled m air with a redanvely low finshing temperature.
(<) Sheet rolled mn air with a telatively ugh famshing temperature.

(2) Test rate 0,005 :nh per anch per minute in the clasuc range, then 0. 05 inch per inch per minute to fracture.
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TABLE A-25.

AT 1500 AND 2400 F(D)

CREEP AND STRESS-RUPTURE BEHAVIOR OF Mo=1,5Cb BAR (3/10~INCH D1 AMETER)

Composition Minimum Ruptuce Reduction
(Bulance hlolybdenuin), Suress. Creep Rate, Tune, Elongation, m Area,
welght por cent Condiuion 1000 psi per cent hour hours per cent per cent
1800 F
1.41Cb-0.037C Stresy rehevea, L hour 2100 F 5.9 0,33 17.1 16.4 6.9
0.0 0,08 68.3 18.1 76.1
1,41Cb~0,047C Reerystatlized, ) hour 2850 F 30,0 0.92 17.8 62.3 87.3
35.0 0,043 234.3 44,1 78.1
1,45Ch-1,25C Stress rehieved, 1 hour 2000 F 88,0 0,35 18.7 16.0 84.1
80.v 0,20 32.8 19.v 3.8
1.45Cb-u.25C Reerystallized, 1 hour 2700 F 43.0 0.15 146.0 47.17 70.5
2400 F
1,41Cb-0.04iC Stress rehieved, 1 hour 2106 F 15,0 -- 0,3(3) 15.6 21.5
12,0 0.30 49.5 §1.2 91.3
1.41Cb-0.047C, Recryailized, 1 hour 2350 F 1344 3.5v 5.2 37.6 84.8
11,0 1.20 v.8) 8.5 26,1
1.45Ch-C.25C Sreess relteved, 1 hour 2000 F 20,49 0,66 3.1 40.8 83,2
18,9 G.18 11.6 37.6 84,0
1.45CH-0.25C Recrystallized, 1 hour 279 F 16.¢ 1.84 17.¢ 51.2 90.1
1.5 2,07 53.2 44,1 90.1

(&) Spechun overheated,

TARLE A-26. 100-HOUR RUPTURE STRENGTH FOR STRESS-RELIEVED
AND RECRYST ALLIZED Mo-1,5Cb BAR (3/16-INCH
DIAMETER) AT 1800 AND 2490 f(1)

19+)-Hour Rupture Stress,
1000 pe1, to Produce

Composition Rupturc at Indicated
(Balance Molybdenuam), Teanperature
weight per cent Conditton 180v F 2400 F
1.41Ch-0 047C Stress rehieved 68.5 11.5
Reciystallized 3.1 9.4
1.45Cb-0,25C Stress relieved §0.0 12.3
Rec.ystalhzed 13.5 1.8
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FIGURE 3-72. STRESS-R'JPTURE BEHAVIOR OF RECRYSTALLIZED Mo-1.5Cb
SHEET AT 2469 AND 3000 F(2)

405]1-L sheet rolled in air with a relatively low finishing temperature.
+051-H sheet rolled in air with a relatively high finisking temperature.

Analyses 1.35% Cb and 0.028% C.
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FIGURE A-73, EFFECT OF TEMPERATURE ON THE HOT HARDNESS
OF ARC-CAST Mo-1.5Cb

Analyses 1.3 7% Cb and 0.028% C.
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Temperature, F

BEND-DUCTILITY BEHAVIOR OF STRESS-RELIEVED AND

RECRYSTALLIZED Mo-~1.5Cb SHEE.T (0. 051 INCH)(Z)

Sheet rolled in air with a relatively low finishing temperature.

Heat 4051-L, analyses 1.35% Cb and 0.028% C.
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FIGURE A-75. EFFECT OF TEMPERATURE, THERMAL TREATMENT, AND
SURFACE CONDITION CN THE BEND DUCTILITY OF Mo-
1.5Cb SHEET (0.049 INCH){2)

Shect rolled in air with a relatively hagh fimishing temperature.

Specimen chemically milled to 0. 046 inch.

Hcat 4051-H, analyses 1.35% Cb and 0.028% C.
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EFFECT OF TEMPERATURE, THERMAL TREATMENT, AND
SURFACE CONDITION ON THE BEND DUCTILITY OF
Mo-1.5Cb SHEET (0.056 TO 0,059 INCH)(2)

Rolled in InFab facility.

Specimen chemically milled to 0.053 inch.

Heat 405]1-1, analyses 1.35% Cb and 0.028% C.
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4. Meztallurgical Properties

a. Fabricability: zrc-cast ingots can be extruded to sheet bar at 2800 tc 3000 F
using reduction ratios of up to 7:1, sheet bar can be rolled to
intermediate gage thickness (1/8 inch) at 24C9 F; final sheet
rolling to 0. 050 inch can be done at 1500 to 2000 F{%)

b. Transition temperature: -58 to 225 F depending upon fabrication history,
thermal treatment, and surface condition(2)

c. Stress-relief temperatare: 1 hour at 2000 1o 2100 F for bar materialll);
1/4 hour at 2000 F for sheet (0, 050 inch)
materialt?)

d. Recrystallization temperature: 1 hour at 2550 to 2700 F for bar material(l)

Tables A-27 and A-28
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ABLE A-27. EFFCCT Of ANNEALING TEMFERATURE ON THE HARDNESS OF Mo-1.5Cb

EXTRUDED SHEET BARS(3N2)
Extrusien Hardness, DPH, After Annealing 1-Hout at
Tempetatuse, Extrusion Indicated Tempezatute. F

F Ratio AsEatude’ 2600 2800 3000 3209 3300
2800 4.1:1 230 218 207 206 194(®) .-
30090 4.5:1 241 203 208 199 188(b) --
3200 5.5:1 206 209 -- -- 182 175(0)
3000 S.4:1 224 2.7 - 184 .- --
3000 7.1:1 231 25 213 198 194® -

(a) Analysis 1,35% Cb and 0.028% C.
(b) 100 per cent recrystallized.

TABLE A-28. HARDNESS AND RECRYSTALLIZATION BEMAVIOR OF Mo-1.5Cb SHEET (0.059 INCH)(3X2)

Shect Roiled w Air Withi a Sueet Rolied in Ac With a
Relatiscly Low Fimishing Relauvely High Fimistung
1,4-Hour Anncaling Temperature Tempctature Sheet Rolled in In Fab Facility
Temperature, Hardness, Recrystallization.  Hardness. Reciystaliizauon,  Harduess, Rectystallization,
F DPH pet cent DT pes cent DPH per can

As 1olled 332 0 327 [ 19 [}
1800 319 ] 310 [ - -
2009 301 0 33 0 297 0
2050 - - -- -- 291 &
2100 297 S 296 2 256 40
2200 252 60 283 40 194 100
2250 235 90 241 80 - -
2340 181 100 193 103 -e -

{3) Analysis 1.35% Cb and 0.028% C.
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Mo-0,05Zr

1. 1ldentification of Material

a. Chemical composition: Mo-0.05Z
b, Forms available: ingot and fabricated shapes on a best efforts basis
2. Physical Properiies
a. Melung point: ~4730 F (essentially the same as that for unalloyed molybdenum)
b. Density: 0.369 1b/in.3 (calculated)
3. Mechanical Properties
a. Tensile Properties at Room Temperature \
Ultimate tensile strength: Table A-29 }
Tensile yield strength: Table A-29
Elongation: Table A-29
Reduction in areca: Table A-20
b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-30
Figures A-77 through A-79

Tens'le yield strength: Table A-30
Figurcs A-77 through A-79

Elongation: Tabie A-30
Figures A-77 through A-79

Reduction in arca: Table A-30
Figures A-77 through A-79

c¢. Crcep and Stress-Rupture Properties
Tables A-31 and A-32
. d. Other Selected Mechanical Properties

Bend ductilaity: Table A-33
Figure A-~80
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TABLE A-29. ROOM-TEMPERATURE TENSILE PROPERTIES OF Mio-0.05Z: ROD AND SHEET

Composiuon Tensile Yield Reduction
(Salance Molybdeaum), Strength, Streagth, Elongation, 1 Arca,
weighi per cemt Conditzon 100¢ ps1 100U pst per cent per ceat Reference
Rod (57 =-Inch Drameter)
0.05421-0,018C As tolled 127.7 108, o0 §0.5 1
0.054Zs-0,013C Stress relieved 126.4 .0 26 58.9 (1)
0.084Z:-0.0.24C Stress reizeved 129.9 - 2 65.0 ?)
v 054Z1-0.02.0 Stress rehieved 129.9 - 32 649 [84)
0.0542:-0.018(. Recrystaihzed 5.6 9.3 23 18.9 (1)
Sheet (1/16 inch)
©.0521-0.922C As rolled 145.6(L) 129.3(L) 5,0(L) -- %))
0.05Zr-0.022C As rolled 156.4(T) 133.U(T) 3.¢T) - [©)
0.0521-0.022C stress rebieved(3) 126.0(L) 115, 8(L) 13.0(L) - 3
0.052¢-0.022C Stres< rebieved(3) 131.0(T) 122.(T) 9.0(T) - 3
0.05Z¢-0,022C R:cxysuluzcd(b) 78.8(L) 63.5(1) 40.0(L) .- (€]
V. 05210, 022C Recrystallized(®) 80.2(T) €. 2(T) 36.6(T) o 3
2.UDL1°0, 0HIC As rolled 122.2(L) 106.C(L) 2.5(L) -- )
. 052:-0.053C As rolied 129, (T) 109, 5(T) 6.5(T) -- (©)
v, 03Z:-6.553C Stress relieved(d) 115.2¢L) @9, 1(L) 15.5(L) -- )
©.0521-0.033C Stress relieved(3) 120. XT) 16L.3(T) 11.5(T) .- ()
0 952:-0.053C Recrystallized(€) 65.9(L) 56,0(L) 39.0(L) -- 3)
0.0521-0.053C Rec: ysteilized(©) 78.9(T) 62.0(T) HH.0(T) -- (3)

(4} Stress telieved 1 hour at 2000 F.
(b) Recrystallized 1 hour at 2550 F.,
(<) Rectysiailized 1 hour at 2506 F.




TARLE A-20,
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EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF Mo-C. 05Zr ROD AND SHEET

Composition Tensile Yicld Redvction
(Balance Molybdenam),  Temperatuie, Stuength,  Strength,  Elongaulon, w1 Ared,
waaght per cent F Condition 1002 pst 1000 pst per cent per cent Reference
Bod (5 €-iuch Disiucter)
G.054Zr-0,010C Su Ay rolled (XX 53.06 17 7% (@]
0.0{4Zr-0.015C VY Stress relicyed 51,0 42,3 14 72 (@)
0.053Z:-0,015C 1600 Reerystaihized 32,y 17,6 46 Ta ()]
0.05427-0,025C e Steecs reheved 8.7 - (o8 65 [€))
0.05121-0,024C 1300 Stress relieved .5 .- 32 64.9 [©))
0.05421-0,024C 2000 Stress rehieved 3,9 93,3 iv 7.1 [©)]
0.05421-0,023C 00 Stresy relieved 9.7 57,4 13 5.2 (3)
0,06421-0,018C 2400 Stress relieved 38 29.2 33 91,6 (6]
C.054Z1-0, 024C 2300 Stress relieved PN 17,0 20 92,2 (8]
€¢.05:2:-0.021C 2400 Strecs redteved P 1a. 4 22 ¥1.3 N
C.054Zt 0.018C 24060 Recrystallized 20.¢ 12,8 o9 44,5 (6]
Sheet (1/16 loch)
0.05Zt-0,022C 1800 As rolled 78.8(L) -- 1.0(L) .- (3)
€, 05210, 02C 1500 As rolled TLR(T)  29.6(T) 2.0(T) -- 3)
0 05Z:-0 G22C 1800 Stress relieved(®) 7.8 ) .- 2,0(L) .- (€]
0.05Z1 0. 022 1800 stress rehevedl®  moo(m) - 2.0(T) - &)}
0.05Z1-0.022C 1500 Recrysathzedd®  3ney 2y 2. - )
0.0521-0,0679C 1800 Reeryaalbzed(®)  S16(my  1n2(T) G.u(D) -- 6))
0.05Zr+0.053C 136¢ As rolled 55.6{L) 39.v(L) 5.0 (L) -- 6))
0.05Z-0,053G 1200 As rollcd 61.3(T) - 1.0(T) .- &)
0.65Zr-0.05%; 1890 Stress relieved (3) 60, 6 (L) -- 3.0(L) .- ()
0.0°Z7-0.053C 18¢6 Strese reheved(®)  g2u(m) - l.o(m -- (3
 45Z¢-0,053 1800 Recrystallized(€)  28.0(L)  13.%4(L) 8.0 (L) .- )
0.05Z1+6, 053¢ 1800 R-:crysulllzcd("') 27.1(T) iv.3(0N) w.0(1) - 3)
0.65Z1-0, ¢22C 2400 Suess teheved(® 21,3 -- 14,0 (L) -- 6]
2.052:-0,028C 2400 stress reieved(®  19.7(T)  in.3(T) 16.0(T) -- &)
€. 05Z1-C.022C 2400 Recrystalized®  b2qy) 0.4 29,0 (L) - 3
0.0521-0. 2% 2400 Recpstallized(®)  13.2¢7)  enqm) 10.0(T) - @
0.05Z1-0.653G 2400 stress reheved(®) 1.1 a3 25.0Q0 -- €]
S.00Z1 €053 2400 suess reheved(®) 17.1(T) (T 26.0(T) -- )
€.65210. 653 2160 Recrystallized(®)  du.u(l) G0l 27.0L) -- )
6.7 521-0,053C 2100 Reervstallized(®)  i5a(m) (M .0 - &)

() Sticsv radieved 1 heoar at 2000 F,
(b) Reuystalhized ! hour at 2350 F,
() Recrystaliized 1 how- at 25C5 7.
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Temperature, C
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Temperature, F

A-3600

BAR (5/8-INCH DIAMETER) IN THE AS-ROLLED AND
STRESS-RELIEVED CONDITIONS(1)

Stress relieved 1 hour at 1800 F.

Analyses 0.054% 27+ and 0.018% C.

Elongation and Reduction in Areo, per cent

LOW-TEMPERATURE TENSILE PROPERTIES OF Mo-0, 05Zr
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LOW-TEMPERATURE TENSILE PROPERTIES OF
RECRYSTALLIZED Mo-0.05Zr BAR (5/8-INCH
DIAMETER)(})

Recrystallized 1 hour at 2450 F.

Analyses 0.054% Zr and 0.018% C.
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TABLE A-3.. STRESS-RUPTURE DATA FOR STRESS RELIEVED AND RECRYSTALLIZED
Mo £.05Z: SHEET (136 INCH) AT 15¢¢ F(3)

Ca:bon Contest, Stress, 1600 psi. to Produce Rupture
weight per cent Conditon 1 Hour 10 Hours 10¢ Hours
v ovge Stress rel:eved 2 hour at 2000 F 7.5 s ] £6.0
Recrystaiazed 1 hour at 2550 F 30,0 6.5 23.5
G038 Suess relicved 1 hour at 2000 F 58.0 5.0 5.0
Recrystalized 1 hoar at 2800 F 31.5 20.¢ (S

TABLE A-32. CREEP AND STRES3-RUPTURE PROPERTIES OF AS-ROLLED, STRESS -RELIEVED, AND
RECRYSTALLIZED Mo-(. 0521 AT 1880 TO 2400 F(3)

Reduction
Temperatute,  STess, recp Réte,  Rupuwe Tume, Elongauion, 1n Area,
Conviuon F 1005 ps1 per cent/hous hours pet cent pes cemt Reference

Stivss cedun 2d 1500 80.0 [ d.s lo.s 7.0 (@]
2.0 0. 02e 17¢.1 158 4.5 )

6.0 0. Csu 134, 1€D) -- .- )

1800 w.¢ [t} 20,0 3.9 KR (§)]

2.0 .05 1°1.7 1,0 76.6 {n

55.0 .06 ~eu 1) -- -- 1§

~U 45.0 0.1 AR i2.3 i, (i)

20.¢ 0. 0037 05,2 13.6 2.9 )

Recnstalized 160C 3.0 .- W 0.2 43,6 (O]
33.¢ ¢.55 31.¢ B2 95.0 [©]

il EYNY) .- 0,8 EY I 3408 o)

~o.0 [T 150.7 ofad 8. )

Sl 30.¢ - 0.2 5.8 3.0 (O]

<3 [ON Cvm R3.3 HEPES cl.é 1)

As solied 30 15.¢ L9 11.3 19,5 3.6 (]
.o L.06 147.3 4.1 16.5 (O]

(3) Analvics 0.0%% Zr and C.0i85C.
(D) Te:t discontinued,
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TABLE A-33. BEND-TEST DATA FOR Mo-0.05Z1 SHEET (1/16 INCH)(D

Specimen Temperature, F, for Bend Angle
Cartbon Content, Onenm:on(‘), indicated Dend Anple at 75 F,
weight per cent Condition degrecs 10 Degrees 90 Degrecs degrees
0.022 A¢ rolled [ >-140 18 140
Stress relicved o 23 §2 140
Recrystalhized ¢} €8 12 140
As rolled 90 -5 190 46
Stress relieved 90 -59 -54 140
Reerystallized 90 8 22 140
0.053 As tolled 0 -48 48 146
Stress rehieved 0 60 115 31
Recrystallized 4 130 132 0
As rolled 90 -28 330 49
Stress relieved 80 43 85 65
Rectystallized 90 120 142 0

{a) Onentaucn of long dimension with rolling ditection.

FIGURE A-80.
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PROPERTIES OF STRESS-RELIEVED Mo-0. 05Zr

SHEET (1/16 INCH)(3)

Stress relieved 15 minutes at 2100 F,
Specimers cut parallel to rolling dire .tion,




4.

Metallurgical Properties

a.

C.

d.

€.

Fabricability: successful conversion to sheet product has been demonstrated by
the following schedule (1) arc-cast ingot machined into an
extirusion blank; {2) extruded; (3) extruded billet conditioned and
recrystallized; (4) ‘orged or rolled to a | to 2~inch~thick sheet
bar; (5) sheet ba1 conditioned and recrystallized, (6) rolled to
1/4 to 3/8-inch~-thick plate; (7) recrystallized; and (8} rolled to
1/16~-inch sheet,

Transition temperature: -60 to 50 F for sheet (1/16 inch) material, depending
upon thermal history. carbon content, and sheet-

surface cunditiont

Weldability: should behave similiar to unalloyed molybdenum; zirconium would
tend to improve welding characteristiesi?)

Stress-relief temperature: 1/4 to 1 hour at 2000 *5 2100 F for sheet (1/16 inch)
material(3)

Recrystallization temperature: 1/4 to 1 hour at 2500 to 2600 F for sheet (1/16
inch) material(3)

Figures A-81 and A-82
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REDUCTIONS(8)

Analysis 0.059% Zr and 0.010% C.
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RECRYSTALLIZATION BEHAVIOR AS A FUNCTION OF
TEMPERATURE AND EXTERNALLY APPLIED STRESS

FOR Mo-0.05Zr BARSI(8)

Annealed for 10-minute periods.

Subjected to indicated reduction at 2200 F.
Analyses 0.059% Zr and 0.010% C.
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Identification of Material

a. Chemical composition: Mo-0. 5Zr

b, Forms available: ingot and fabricated shapes on a best efforts basis
DPhysical Properties

. Melting point: ~ 4730 F (essentially the same as that for unalloyed
molybdenum)

b. Density: 0.368 lb/in. 3 (calculated)

Mechanical Properties

a. Tensile Propertics at Room Temperature
Ultimate tensile strength: Table A-34
Tensile yield strength: Table A-34
Elongation: Table A-34
Reduction in area: Table A-34

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-35 through A-37
Figures A-83 and A-84

1 asile yield strength: Tables A-35 through A-37
Faigures A-83 and A-84

Elongation: Tables A-35 through A-37
Figures A-83 and A-84

Reduction in area: Table A-36
Figures A-83 and A-84

¢. Notched Tensile Properties
Table A-38
d. Crecep and Stress-Rupture Properties

Tables A-39 and A-40
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Other Selected Mechanical Properties
Bend ductility: Table A-41}
Shear strength: for sheet material(3)

Room Temperature

Stress, Per Cent of

1000 psi TS
80.5 74.5
74. 4 69.0

2500 F
Stress, Per Cent of
1000 psi TS
23.4 60.5

25.0 64.6
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TABLE A-34, ROOM-TEMPERATURE TENSILE PROPERTIES OF Mo-0,5Zr ROD AND SHEET

Composition Temsike Yeld Peducton

(Balance Moiybdenum), Streagth, Strength, Eloagauon, n Area,
weight pei cent Coundition 100V psy 10 % ps2 per cent per cent
Rod (1/2-1ach Diameter )
0, 192r-0, 2 As rolled 1258.3 95.4 a1 v
U, 4921-0, 022C S1ress relievec 116, 7 20,8 kX 55.9
Te 52210, 30C Stess teliened 120.8 2.3 21 38.¢G
v, 49Z:-0, 022C Recrystallized 8d.0 v3.4 49 50,1
Sheet (0. 045 Inch), Stress relieved 1 Hour at 2200 F(2)

0.492:-0,014C SR 60%, sress cehieved 104 (1) 84 (L) 8.6 (L) --
0,4921-0, 014C SR 60%, sress relieved 110.8(T) (1) 11(T) --
¢, 49Z:-0,014C CR 0%, stress rehieved 98.2 (L) .9(L) 8.8 (L) -
0,492:-(. 014C CR 50%, stress relieved 104.8(T) 83.5(T) 16.5 (T) --
0,432+-0, 015 SR 5%, sirese relioved 113 (1) 91,1 (L) 18.3(L) -
€,43Z21-C.014C SR 5%, stress relieved 116 (T) 99.6 (T3 8.2(T) --
0.492:-0, 014C CR 5%, stress rehieved 103 (1) 29 (L) 12.3(L) --
0,49Z:~-0, 014C CR 5%, stress rehieved 110(T7) U, T(T) 11,3(7) -
0,48Z:-0, 014C SR 30%, stress rebieved 128 (L) 34 (L) 14,3 (L) --
0,492:-0,014C SR 90%, stress relieved 120.5(T) 105,1(T) 8,6 (T) -

0,492:-0, 014C

v 4921-0, 014C
0.49Z:-0. 014C

SR 90%, stress reheved

CR 30%, stress reheved
CR 0%, stress reheved

105.1(45 deg)  BB.8(35 deg)  24.35 deg)

120.1 (1)
116.2 (T)

% (1)
103.7 (T)

14,3 (L)
%.5(T)




TABLE A-35,
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LOW ~-TEMPERATURE TENSILE PROPERTIES OF ANNEALED Mo-0.5Zr SHEET

(0. 046 INCH)(4X3)
Tenale Y1eld Streneth Elongation
Temperature, Strength, (0.2% Offset), i 3/4 Inch,

F 1000 psy 1000 ps2 per cent
RT 108.3 83.v 15,8
108, 3 84.2 16.4
32 1o, 2 13.4
114.4 . 15.1
1} 115,38 98,4 v. 0
116, 0 160, 0 5.5

-30 1'3. 0 103.2 .

105.0 1051 )

(a) Anaealed 1 hour at 2200 F. Nomr'nal carbou content 0. 04 per cent,
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TABLE A-36. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF Mo-0. 52t ROD AND SHEET

Composition Tensile Yield Reduction
(Balance Molybd Temp g gt Elong; in Area,
weight per cent F Condition 1000 pd 1000 pal per cent per cent Refetence

Rod (1/2-1nch Diameter)

0,1921+0,22C -60 Stress telleved  129,9 10.0 3 3,2 “)
0,192r-9,22C 10 Recrystallized 13.7 55,2 4 3.0 )
0, 1921-0,22C 0 Stress relieved 123,71 92,8 29 “ 4)
0,192¢-0,22C 9 Recrystallized 78,0 49,3 s 4 4)
0.4821-0,022C 1800 Stress relieved 12,7 62,8 10 34,3 M
0. 5221-0.30C 1800 Stress relieved 7.5 - 18 38,2 ()
0,4921-0, 022C 1800 Recrystallized 4.0 .- 40 88 (1)
0. 492r-0, 022C 2000 As rolled 80,9 68,3 13 8 )
0.49Z2-0,022C 2400 Stress selieved 26,6 24,° 27 24.6 “)
0, 52210, 30C 2400 Steess relieved 46,5 32,5 19 60 “
0.4921+0, 022C 2400 Recrystallized 23,0 10,9 81 93,2 “4)
Sheet (0. 045 Inch), Stress Relieved 1 Hour at 2200 F
0,4921-0,014C 2000 SR 60% S.2(L) 541 () 2.5 (L) .- 2)
’ 0,49Z1-0,014C 2000 SR 60% 67.1(T) 55.6(T) 2,4 (T) -- (2)
0,49Z¢-0, 014C 2000 CR 60% 55,8(L)  49,0(L) 3.8 (L) - ]
0,4921-0, 014C 2000 CR60% 61,8(T) 59.8(T) 5.1(T) -- (2)
0,49Z1-0,014C 2000 SR 75% 63,3(L) 56.5(L) 3.7 - 2)
0,4921-0, 014C 2000 SR 15% 73.5(T) 54.2(T) 1.5(T) - @)
0.4921+9, 014C 2000 CR 75% 64,5(L) 5.2 (L) 4.7(L) -- @)
0,4921-0,014C 2000 CR15% €9,4(T) 55.2(T) L5(T) - @)
0.4821-0,014C 2000 SR 90% 68.5(L) 64.5() 7.1(L) - )
0,49Z1-0, 024C 2000 SR 90% 65.4(T) 62.6(T) 7.1(T) - @)
0,492t-0,014C 2000 SR 90% 54,045 deg) 53.6(45deg)  7.1(45deg) -~ 2)
0,4921-0,014C 2000 CR 90% MSE(L)  66,3(L) 9L .- @
0,4921-0, 014C 2000 CR 90% 68,8(T) 63.6(T) 2.0(T) - 2
0,49Zr+0,014C 2200 SR 60% 40,5(L) 36.8(L) 3.1(L) - [£]
0,49Zr+0, 014C 2260 SR 60% 49,9(T) 47.1(T, 3.8(T) - [¢3]
9, 4921~0. 024C 2200 CR 60% 45.5(L) 35,11 7.2 (L) . @)
0,4921+0,014C 2200 CR60% 49,1(T) 4L1(T) 4.3(T) - @)
0,49Z1-0, 014C 2200 SR 5% 47.0(L) 40.6(1) 6,3 (L) - @)
0.4921+0, 014C 2205 SR 75% S4.7(T)  51.4(T) 4.5(T) .- @)
0,492¢-0.014C 2200 CR 75% $0.0(L) 42.1(L) 3.7 - 3]
0,4921-0,014C 2200 CR 15% 54.9(T) 45.5(T) 6.2(T) - (2)
0.4921-0.014C 2200 SR 90% H.5(L)  38,1(L) 5.9 (L) - @)
0.4921-0. 014C 2200 SR 90% 45.7(T)  3%.1(T) 5.4(T) 2)
0 492¢-0.014C 2200 SR 90% 42.1085deg) 35, 3(45deg)  7.1(45deg) -- 2
0.49Zr-0, 014C 2200 CR 90% 47.9(L)  4L8 (L) 7.14L) - )

0,49Z1-0. 014C 2200 CR 90% “H.8(T) 49.3(T) 5.0(T) .- 2)
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EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF STRESS -RELIEVED
Mn-0.5Zr SHEET (0. 040 INCH)(2)(3)

Yield
Tensile trength Eloagation in
Temperature, Sucngth, (0.2% Offset), 3/4 Inch,
F 1000 psi 1000 ps per cent
KT 105.4 86.1 16,3
108.6 88,9 18.8
110.2 88.7 180
1000 4.2 68.8 %5
4.9 69.8 6,2
4.6 v3.8 -
2200 4.8 40.1 9.5
46.¢ 40.7 10.6
43.8 42.1 10,0
2500 40.3 35.8 1L 3
37.0 31.2 16.2

(a) Stess rchieved 1 hour at 2200 F. Test 1ate 0. 605 inch per inch per minue to yield, then
0.03 inch per inch per minute te fracture. Nomunal carboua content 9, 04 per cent,
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FIGURE A-83, LOW-TEMPERATURE TENSILE PROPERTIES OF

STRESS-RELIEVED AND RECRYSTALLIZED
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Analyses 0,47% Zr and 0,022% C.
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TABLE A-38. ROOM-1EMPERATURE :IOTCHED TENSILE PROPERTIES OF $1RESS-RELIEVED
Mo-0, §Zr SHEET (0. 043 INCIf)(A(3)

Notched
Notched Teusile/
Notch Notch Tensile Elongation 1n Unneiched
Radius, Width, wrength, 3/4 Inch, Tensile
iach O] Kt 1000 ps1 per ceat Strength Ratio

0,012 0,427 4.4 122,06 2.0 1.4
118.3 LS 1.09
0. 004 9,418 7.3 116.6 2.8 1.¢7
1lo.8 2.0 1,67

(2) Stress rehieved 1 hour at 2200 F, Test rate 0, 005 inch per 1nch per munute to yielding, then .03 inch per inch per minute
to fracture, Nominal carbon content 0,04 per cent.

TABLE A-39. CREEP AND STRESS-RUPTURE PROPERTIES OF STRESS-RELIEVED AND RECKYSTALLIZED
Mo=-0.521 AT 1800 AND 2400 £(3)(4)

Rupture Reduction

Temperature, Stress, Creep Rate, Time, Elohigauon, 1 Area,

Condition F 1000 psi per ceat/hour hours per cent per cent
Stress relicved 1800 70.0 - [\ 8.3 24.9
60,0 0. 085 53,8 20.0 1.9
2400 20.0 -- 0 9.2 15,3
15.0 1.10 3.1 5.9 10.8
Recrystatlized 1800 40.0 5.60 31 39.2 99.4
35.0 0.41 2.2 28.2 80.6

2420 12,5 -~ 3.6 .- --

_— 10.0 0.12 37.3 14,8 23,0

(a) Analyses 0.49% Zr and v.022% C.

TABLE A-40. STRESS-RUPTURE PROPERTIES OF STRESS-RELIEVED Mo=0.5Zr SUEET
(0. 040 INCH) AT 2200 AND 2500 F(a}3)}

Time to
Temperature, Stress, Rupture, Elongation,
F 1000 ps1 hours petcent
2200 3o 1.64 12
32.0 13.2 15
30,0 7.4 16
30,0 8.6 5
2590 16.5 15.5 32
12,0 £5.6 36

(a) Strese rclicved | hour at 2200 F.  Nominal carbon content 0, 04 per cent.
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TABLE A-41. ROOM-TEMPERATURE BEND DATA FO? Mo-0, 5Zr SHEET(2)

Fabncition Data Number of Results of 105-Deg
Reduction, Test Specimerns Bend V -Block Bend
Method per cent Direction Tested Radius, T Passed Failed (Cracked)

Vapor Blasted and Electiopolished to kemove 1/2 Mil per Side

Straight rolled 90 Longttudinal 4 2 2 2
Straight roiied 80 Tr1ansverse 4 z v 4
Cioss rolled 90 Longitudinal 4 2 1 3
Cross rolled 20 Transverse 3 2 3 0
Straight rolled 15 Longutudinal 3 2 0 3
Straight rolled 7 Transverse 4 2 1 3
Cross rolled 5 Longitudinal 2 2 0 2
Cross rolled 75 Transverse 3 2 0 3
Straight rolled 60 Longitudinal 2 2 1 1
Straight rolled 60 Transverse 2 2 2 0
Cross rolled 60 Longitudinal 2 2 2 0
Cross rolled 60 Transverse < 2 v 2
Annealed 2200 F 1 Hour; Virgo Pickled 1-1/2 Minttes to Remove 4 to 5 Mils per Side
Straight +olled 90 Teansverse 3 2-1/2 3 0
Straight rolled 90 Transverse 1 1-1/2 0 13)

(a) Cracked at bortom of strokc.
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4, Metallurgical Properties

a. Fabricability: the following schedule has been successfully used to convert
ingot to sheet: (1) extrude at 2850 F, (2) forge extruded sheet
bar at 2800 to 3000 F, (3) breakdown rolling of forged bar at
2400 to 2600 F, (4; roll to glate sizes at 2200 to 2400 F, and
(5) sheet rolling at 2250 F{2)

b, Transition temperature: -60 to -20 F for bar {1/2-inch diameter) material({4);
<-40 F for sheet (0. 040 inch) material(3)

c. Stress-relief temperature: 1 hour at 2200 F(3,4)

d. Recrystallization temperature: effect of annealing temperature on recrystalliza-
tion and hardness of sheet materiall3)

1-Hour Annealing

Temperature, Recrystallization, Hardness,
F per cent VHN
As received(@) 0 273
2400 0 281
2500 0 294
2600 BE 188
2700 100 182

(a) Stress telieved 1 hour 2t 2200 F.

Figure A-85

P S
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I-Hour Annealing Temperoture, C

1300 1400 1500 1600
100 T T T

c

@

(5]

"

@
Q.m {
'~

o

-

o

o™

9

2 40
-

8

@

LA

2200 2400 2600 2800 3000
I-Hour Annealing Temperature, F A-33977
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Mo-0.5Ti

Identification of Material
a. Designation: many, depending vpon individual supplier
b. Chemical composition: Tables A-42 and A-42

¢. Forms available: billets, forgings, strip, sheet, foil, plate, bar, rod, and
wire(l-4
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TABLE A-42, CHEMICAL REQUIREMENTS FOR Mo-0. 5Ti PRODUCTS
AS PRODUCED BY ARC-CASTING TECHNIQUES (2-9)

Element Content, Maxumum, weight per cent
[~ 0.010-0. 040
(8] 0.9030
N 0.0010
Fe 2,020
N 0.010
St 0.010
Ta 0.40-0,55
Mo 99.35 run

(3) For forgings, tallets for teforging, stnp, sheet, forl, plate, bar, rod,

and wire,

TABLE A-43 REPRESENTATIVE ANALYSES OF Mo-0.5T1 AS PRODUCED BY VARIOUS SUPPLIERS
Content, Maximur, weight per cent
Afc Cast Povider Metaljurgy
Element Chmax(3{5. 6) Universal Cyclops(b) (7-10) Sylvama(c)(11)
Al - 0.002 0. 0010
[ 0 01-0.04 0.01-0.040 0.02-0,04
Ca -~ 0,002 0,0010
Co -~ 0,002 --
Cr -~ 0.004 0.0050
Cu -~ 0.002 0.0010
Fe 0,010 0,010 0,0050
H 0,0005 0,001 <0. 0016 typ
K -- 0,001 -
Pb - 0.002 0,0010
Mg -- 0.002 0.0010
Mn -- 0.002 0.0010
Mo 29,35 min 99.34 min 99,3€ nin
Na - 0,001 --
N 0,002 0.001 0. 0050 typ
N 0.002 0.002 0.0050
o 5,0025 0,003 0. 6100 tyo
S 0,008 0,020 0, 0050
Sa -- 0.00a 0, 0050
T 0.40-0.55 0.40-0, 550 0.45-0. 55
w -- 0,002 -
Zr - 0,002 -

{a) For forging biltlets and wrought bars.
(b) For Mnilets, bar, plate, and sheet,

(c) For hiilews,
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Physical Properties

a.

b.

Melting point: ~4730 F (essentially the same as that for unalloyed molybdenum)
Density: 0,367 Ib/in. 3 (calculated)
Thermal expansion: Table A-44

Thermal conductivity: Table A-45
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TABLE A-44, MEAN LINEAR THERMAL -EXPANSION COEFFICIENT

OF Mo-0, 5TH(12)

Temperature Range,
F

Mean Coefficient of
Thermal Expansion, 10-6/F

63-212 3.05
68-392 3.06
63-572 3.09
€3-752 3.14
6¢-932 3.19
68-1112 3.24
63-1292 3.28
63-1472 3.32
63-1652 3.36
68-1832 3.41
TABLE A-45. INTERPOLATED I'HERMAL-CONDY. 1
FOR Mo-0, §Ti{12)
Th
Temperature, F
68
212
392
572
52 -
932 B
1112 63. 57
1292 63.57
1472 62,99
1652 62,41
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3. Mechanical Properties
a. Tensile Properties at Room Temperatare

Ultimate tensile strength: Tables A-46 through A-53
Figures A-86 and A-87

Tensile yield strength: Tables A-46 through A-53
Figure A-87

Elongation: Tables A-46 through A-53
Figures A-86 and A-87

Reduction in area: Table A-53
Faigure A-86

Modulus of elasticity: 46 x 108 psi(23)
b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-54 through A-
Figures A-88 through A-94

Tensile yield strength: Tables A-54 through A-56
Figures A-88 and A-89 and A-91 through A-94

Elongation: Tables A-54 through A-56
Figures A-88 through A-91 and A-94

Reduction in area: Table A-54
Figures A-88 through A-90

Modulus of elasticity: Tables A-54 and A~57
c. Notched Tensile Properties
Figures A-~95 through A-103
d. Creep and Stress-Rupture Properties

Tables A-58 through A-63
Figures A-104 through A-1U6

e. Other Selected Mechanical Properties

Hardness: Table A-64
Figure A-107

Bend ductility; Tables A-65 and A-66
Figure A-108

Compressive strength: Tables A-67 and A~68
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Shear strength: data at room temperature and |

600 F have been determined
for fastener material(39)

Shear Strength,

Type Diameter, 1000 psa
Fastener inch . RT 1600 F
Cr coated vivet 0.136 57.5 50.0
58.0 49.0
Table A-69

Fatigue strength: Figure A-109
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TABLE A-46. TENSILE-PROPERTY REQUIREMENTS FOR ARG-CAST Mo-0, 5T1 ROUND RODS(a)(4)

Miimum Yield Minimum

Minmnum Tensile Suength (€. 2% Elongation in }

Condition Drameter, inches Strength, 1000 ps: Offset), 1000 psi Inch, per cent
Stress reheved 3/16 to 1/8, incl. i05 90 10
Over 7/810 1-1/8 100 85 8
Over 1-1/8 to 1-7/8 90 75 5
Over 1-7/8 to 2-7/8 80 70 4
Over 2-7/8 to 3-1/2 5 65 3
Recrystaliized Under 2 70 40 15
21t03-1/2 65 30 8

(s) Froperues shall be determined using a test rate of 0,002 to 0. 005 anch per inch per minute through 0, 6 per cent offset, then
0.02 to u.ud inch per inch per mnute to fracture.

TABLE A~47. TENSILE-PROPERTY REQUIREMEN I'S FOR ARC-CAST Mo-0. 5T1 STRIP, SHEE1, rOlL, AND PLATE(2X3)

Mintmum Elongation 1n 2 Inches, per cent

Spectmens
Mimmum Yield Lqual to or Less Specimens

Tensle-Strength Strength (0. 2% Than 0.029 In, Greater Than
Range, 1000 psi Offset, 1000 ps1 Thick 0,020 In. Thick

70-100 55 5 10

100-130 80 5 1

130-16C 100 4 b

160-190 120 2 5

(a) Properucs shall be determined using a test rate of 0,002 to 0. 005 inch per inch per minute through 0. 6 per cent offsct, then
0.62 0 0,05 1nch per inch per minute to fracture,
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TABLE A-48, TYPICAL ROOM-TEMPERATURE TENSILE DATA FOR ARC-CAST STRESS-RELIEVED Mo-0. STi ROUND

BAR PRODUCED BY CLIMAX(3X(13)
Average Teasile Average Yield Strength Average Elopgation in
Diameter, 1nches Strength, 1000 ps1 (0.2% Offser), 1000 psi 1inch, per cent
1/2 110 106 29
5/ 116 116 26
3/4 115 102 25
1/8 123 108 28
1 116 97 23
1-1/8 109 95 15
1-1/2 103 91 20
2 36 84 20
2-1/4 :7] 80 15
2-3/8 92 82 15
2-1/2 90 80 9
3 89 ki 15

(2) Cold Water Production Facihity. Al data from 6~inch-diameter arc-cast ingots covering a 3-year pciiod. Matenal siress
telieved 1/4 to 1-1/2 hours at 2000 to 2150 F. Test rate 0.002 inch per inch per minute 1n the elastic range, then
0.05 inch per wach per minute 1o fracture.
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TABLE 2 -4, ROOM-TEMPERATURE TENSILE PROPERTIES OF UNIVERSAL CYCLOPS
ARC-CAST %0-0, 5T 1 PLATE AND SHEET PRODUCTS{3X9,10)

Property Minimem Typical

Plate, Over 3/16 Inch w0 1/2 Inch

Tenstlc Sureagih, 1000 psl 100 i
Yield Strength (0.2% Offset), 1000 pai 90 100
Elongation in 2 Inches, per ceat 4 8

Plate, Over 1/2 Inch 0 1-1/2 Inches

Temile Suength, 1000 pul 95 108
Yield Strength (0. 2% Offset), 1000 psd aF 25
Elongation in ¢ Inches, per cent 3 R

Sheet, 0. 020 Inch and Under

Tensile Strength, 1000 paf 110 125
Yield Strength (0. 2% Offsct), 1000 psi 100 115
Eloagation in 2 Inches, per cent 6 ]

Sheet, Over 0,020 Inch

Tensile Strength, 1000 pal 106 130
Ylcld Strength (0, 2% Offset), 1000 pel 113 120
Zloagation In 2 Inches, per cent L] 10

= — . ———_————— —————

(2) Test rate 0,05 inch per inch per minute crouhead speed.

TABLE A-20, ROOM-TEMPERATURE TENSILE PROPERTIES OF SYLVAKNIA POWDIR METALLURGY
Mo-0, 5T1 SHEET (0,040 INCH)11)

Te.sile Strenyth, Yield Suength
Condition 1000 pei (0.2% Offsct), 3000 put Liomgation, per cont
A1 roiled 150 140 3

Recrystallized 80 « »

P — — ——— e ———



TABLE A-51.  STATISTICAL EVALUATION OF THE ROOM-TEMPER..TURE TENSILE PROPERTIES OF
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ARC-CAST Mo~0,5Ti SHEET SUPPLIED BY UNIVERSAL cYCLOPS{2X14)

No, of A:;:;r:‘enc Standard Deviation From the Mean
Gage, No, of Specunens, Grain \.; Deviation, Property Indicated
1ch Sheets n Direction X= = a X 10 (b) X 1 20(¢) X ¢ 30(d)
Tensile Strength, 1000 ps:
0,012 43 43 Long, 129,11 1,6 121,5-136,6 113,9-144,2 106,415}, 17
85 Trans, 13¢,0 8.8 130,2-147,8 121,4- 150,06 118,6-165,4
¢, 020 18 18 Long, 127,9 2,4 125,5-130.3 123,1-132,7 120,7-135, 1
36 Trans, 132,17 4.4 128,3-137,1 123,9~141,5 119,5-145,9
0,630 30 30 Long, 135,4 5, 120,0-i40,8 124,6-146,2 119,2-151,6
60 Trans, 142,1 6,1 136,0~-148,2 129,9-154,3 123,8-160,4
0,040 11 12 Long, 129,7 2,6 127,1-132,3 124,5-134,9 121,9-137,5
22 Trans. 136,5 3.7 132,&-140,2 129,1-143,9 125,4-147,6
0,050 21 21 Long, 1321 3,4 128,7-135,5 125,3-138,9 121,9-142,3
39 Trans, 129,0 3,7 135,3-142,7 131,6-146,4 127,9-150, 1
Yield Strength (0, 2% Offser), 1030 psi1
0,012 42 £ Long, 114,4 8,0 106.4-122,4 98,4-130,4 90,4-138, 4
85 Trans, 124.8 6.6 115,2-134,9 105,6-144,0 96,0-153,6
0.020 18 18 Long, 113.8 2.8 111,0-116.6 108.2 119.4  105.4-122,2
36 Trans, 121,0 5.0 116, 0-126,0 111,0-131,0 106, 0-136, 0
0.636 36 30 Long. 119.3 6.0 113.3 125.3 107.3-141.3  101.3-137.3
€0 ‘krans, 127,3 5.5 122,4-133,2 117,0-138,6 111,6-144,0
0,040 11 11 Long, 116,95 1.3 114.7-113.3 112,9-120.1 2111,1-121.9
Eig ‘frans, 14,9 2.3 122,4-127.4 119,9-129 9 117,4-132,4
0,050 21 21 Long, 17,2 4.9 112,3-122.1 107,4-127.0 102,5-131.9
35 Trans, 1279 4.8 123, 1=132,7 118,3-137,5 113,5-142,3
Elongaton 1 2 Inches, rer cent
0,010 43 43 Long, 10,6 .7 7.9-14.78 5,216,0 3,5-18,7
85 Traus, 6,9 2.8 4.6-9,2 S.3-11.5 0,0-13,8
G, 00 IR 18 Long, 15,2 1,9 13.3-17,1 11,4-19,0 9,5-20,9
36 Trans, 1,¢€ 2.2 9.4-12,8 7.2-16,0 5,0-18,2
0.030 30 30 Long, 13,0 2.7 10,7-15,.3 8,4-17,6 €,1-19.9
40 Trans, 19,2 2.5 ?,.7-12,7 5,2-15,2 2,7-11.1
0,040 11 11 Long, 16,) 1,3 14,8-17.4 13,5-18,7 12,2-20,0
piaid Ttans, 11,6 1.4 10,2-15.0 8.8-14,.4 7.4-15,8
0,050 ~1 2 Long, 16,2 1.5 14,7-17,7 13,2-19,2 11,7-20,7
an Trans, 11,5 1.5 10,0-12,0 8.,5-14,5 7.0-16,0

Feotnotes appear on the fellowing page.
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Footnotes fer Table A-51:

(a) Test rate 0,005 3 €,002 wnch per inch per munute to 9, 6 per cenr offset, ihcn 0.1 4 0.42 inck per antis por minute
fractute, Chemical analyses 0,31-0,5%% Ti, 0,011-0,035% C (70% were below 0,025% C), 0.0004% H max, and
0,00i1% N, The followang definitions apply:

n = The number of specimens tested

» = The tensile swength, yield swengil, or elengation of each specimen tested

, S (x=x)%
= -% = one standard deviation,

(b) The tensile swengih, yield strength, or elongation of 68 per cent of the specimens tested lies within the range of
Xto,

(¢) The tensile strength, yicld strength, or clongation of 95 per cent of the specimens tested hes within the range of
%10,

(d) The tensile swength, yield swength, or elongation of 99,7 per cent of the specimens tested lies within the range of
X ¢ 30,
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TABLE A-52. STATISTICAL EVALUATION OF THE ROOM~TEMPERATURE TENSILE PROPERTIES OF
ARC-CAST Mo-0. 5T1 SHEET SUPPLIED BY FANSTEEL(3X14)
No, of Anthietic Standard Deviation Frem the Mean
Gage, No, of Specimens, Grain M“"'x Deviauon, Propetty Indicated
mch  Sheets n Direction =9 a %10 X & 20(¢) % 30(9
Tensiie Swength, 1000 psi
0,012 42 42 Long, 109, 1 21,0 85, 1-130,1 67.1-151,1 46,1-172,1
84 Trans, 119,4 26,5 92,9+145,9 66,4-172.4 49,9-198,9
0,020 6 6 Long, 143.2 3.8 139,4-147,0 135,6-150,8 131,8-154,6
12 Ttans, 155.4 5,6 149,8-161,0 144,2-166.6 138,6-172,2
0,030 21 21 Long, 128.1 5.1 123, 0-133,2 117,9-138,.3 112,8-143.4
42 Trans, 140, 8 3,8 137,0-144.6 133,2-148,4 129,4-152,2
0,040 17 17 Long, 129,3 1,1 1.8,2-130,4 127.1-131,5 126, 0-132,6
34 Trans, 127,8 3,5 135, 9-140,5 133,6-142,8 131,3-145,1
0,080 13 13 Long, 130, 7 4, 125,9-135,5 121,1-140,3 116,3-145,1
26 Trans, 138.8 5,1 133,7- 43,9 128,6-149,0 123,5-154,1
Yicld Swength (0,2% Offset), 1000 pst
0,012 42 42 Long, 84,2 24.4 59,8-1C8,6 35,2-133,0 10,9-1567.5
84 ‘Trans, 28,9 31,6 67, 5-130,3 36, 1-193,1 4,7-224,5
0,020 6 6 Long, 126,2 4.1 122,1-130,3 118,0-134.4 113,9-138,5
12 Trans, 141,9 6.3 135.6+148,2 129,3-154,5 123, 0-160,8
0,020 21 21 Long, 1171 10,3 106,8-127.4 96,5-137,7 86.2-148,0
42 Trans, 132,1 5,0 127,1-137.1 122,1-142,1 117,1-147,1
0,040 17 17 Long, 114.3 2,2 112,1-116,5 109,9-118,7 107.7-120,9
34 Trans, 127.8 3.5 124,3-131,3 120,8-134.8 1317,3-138,3
0,050 13 13 Long, 113.6 6,1 107.5-119,7 101,4-125. % 95,3-131, 9
26 Trans, 125.8 5,3 120,5-131,1 115,2-136.4 109,9-141,7
Elongauon in 2 Inches, per cent
0,012 42 42 Long, 15,9 6,7 9,222,6 2,0-29,3 0,0-36,0
84 Trans, 14,3 7.8 6,5-22,1 0,0-29,9 0,0-37.7
0,02C 6 6 Long, 11,6 1.5 10,1-13,1 8,6-14.6 7.1=16,1
12 Trans, 6.0 1, 4.7-8.5 2,8-10,4 0,9-12,3
0,030 21 21 Long, 2.0 1.6 10,4-13,6 8,8-15,2 7,2-16,8
42 Trans, 9,5 1.5 8,u-11,0 6,5-12,5 5,0-14,0
0,040 17 17 Long, 14.6 1.1 13,5-15,17 12,4-16,8 11,3-17.9
34 Trans, 10.6 1,7 8,8-12,3 17.2-14,0 5,5-15.7
0,050 13 13 Long, 16,9 4.8 12,1-21,7 7.3-26,5 2.5-31,7
26 Ttans, 12,4 4.4 8,0-1€,8 3.6-21,2 0,0-25.6

Footnotes appear on the following page.
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Footnotes for Table A-52:

(a) Test rate 0,005 2 0,002 inch per inch per minute to 0,6 per cent offset, then 0.1 £ 0,02 inch per inch per minute to
fracture, Chemical analyscs 0,39-0,54% Ti, 0,002-0,042% C (84% were below 0,025% C), 0,0007% H max,
0, 0187% O max, and 0,0025% N. The following definitions apply:

n = the numter of specimens tested

x = the tensile strength, yield strength, o1 elongation of cach specimen tested

=
a= 2@ vne standard deviation,
4T

(b) The tensiie stwength, yield swength, of elongation of 88 per cent of the specimens tested lics within the range of

Xs0.

The tensile steagth, yield swength, or clongation of 95 per cent of the specimens tested hes within the range of

X 2 20,

(d) The tensile swength, yield suength, or clongadon of 99,7 per cent cf the tpecimens tested lies within the range of
X130,

{c

~




TABLE A-33,
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SOME SELECTED ROOM- TEMPERATURE TENSILE .
PROPERTIES OF Mo-0,5T1 ROD, BAR, AND SHEET

Tensiie Yield Stwrength .
Smength, (0.7 % Cffser), Elongation, Reduction 1
Condition 1000 ps: 1000 psi per cent Area, per cent Reference
Rod and Bar
Rod (0,375 nch)
0% rex 114,6 92,4 36,9 38,8 [¢3)]
54 1% tex 1049 85,1 37.3 62,5 (15)
34, % rex a1 67,7 35,3 49.4 5
46,3%rex 86,6 55,3 46,0 55,8 (15)
63, 5% tex 82,9 51,6 40,0 42,0 (15)
T4.4% rex 8L7 49,¢ 41.3 66,6 (15)
97.6% rex 74,4 43,6 -- -- (15)
100% rex 74.4 53,1 49,3 38,5 (15)
Rod (relied 2250 F, 0.375 mnch)
As rolled, forged 1800 F 105.2 94,3 -~ -- 15
As roiled, forged 2100 F 1115 36,7 - .= {15)
As rolied, forged 2400 F 95,5 89,6 - - (15)
50% rex, forged 1800 F 91.4 76,8 - - (15)
5%brex, forged 2100 F 93,2 92.6 - - (12)
50%tex, forged 2400 F 96.5 3.2 -- -- 15)
100% tex, forged 1800 F 84.8 8,6 - - (15)
100% rex, forged 2100 F 86,5 83,3 - .- (15)
100% rex, forged 2400 F 90,0 88,9 -~ .- (15)
Rod (rolled 2400 F, 0,375 wuch)
As rolled, forged 1800 F 107,8 93,4 -- - (15)
As rolled, forged 2100 F 106.0 91,7 - (15)
As rolled, forged 2400 F 92,4 -- - .- (i5)
50% rex, forged 1800 F 90,0 81,4 -- -- [¢5)]
50% rex, forged 2100 F 94,8 81,4 .- - (15
50% rex, forgcd 2400 F 92,9 88,< - - {i3)
100% rex, forged 1800 F 84.2 71,6 -~ - (i5)
100% rex, forged 2100 F 58,4 82,3 .- -- €15)
100% rex, forged 400 F 89.9 38,5 - -- (13)
Rod (0,375 anch)
Reiled 6,2% at 1500 F 77,7 57.0 30,7 35,7 (i5)
Rolled 17, 1% at 1800 F 81.8 68.1 10,0 36,7 15)
Rolled 33,8% at 1800 F 89,1 75.9 2.0 28,7 (15)
Rolled 81, %% 2t 1800 F 113, 8 191,3 8,7 43,4 (15)
Rellea 7,2% at *i¢0 ¢ 79,6 63,5 32,0 7.7 (15)
Rolled 17,3% at 2100 & 83,6 71,3 28,7 28,7 (15)
Relled 81,3% at 2100 ¢ 109, 1 a5 32,7 35,17 (15)
Rolled 6, 7% at 2300 F 8.5 70,8 34,0 a".0 :5)
Reiled 17, 1% at 2400 F 86,9 5.2 16.0 29,5 {15)
Rolled 82,2% at 400 F 97,2 80,8 35,3 44.8 (15)
Recryt1allized rod (7716 nch){d) 91 a3 45 .2 (16)




TABLE A-53,

A-133

(Continucd)

Tensile Yield Strength
Saength, (44 2% Offser), Elongation, Reduction in
Conditton 1600 ps 1000 psi per cent Area, per cemt Reference
Rod and Bar (Conuinued)
Bar (1/2 inch squarc)
Relled 16, 1% at 1800 F 81,2 65.7 38 31,7 an
Rolled 47.8% at 1800 F 99,7 81,0 37 66,4 an
Rolled 4,7% at 2200 F .1 6.5 45 43,1 an
Rolied 8,3% at 2200 F 8,9 66, 1 2 33,9 an
Rolled .7, 3% at 2200 F 78,9 67,8 34 11,2 an
Relicd 17,57 at 2200 F - 24,5 0,7 40 35,9 an
Rolled 27, 2% at 2200 F 87.9 13,2 39 39,3 an
Rolled 49, 0% at 2200 T 102,2 a2, 5 2 37,8 an
Rolled 79, 3% at 200 F 114,4 103,9 24 66.6 an
Suess-relieved tod (5/8 inch)(P) 112, 103.4 36 62,1 18)
N4 164,6 39 66 :8)
As 1ol ed rod (3/8 mch) 101,85 101,85 16,7 20,4 an
103,25 103,25 21,7 26,7 an
Rod (5/3 meh)©)
As rolled 1208 87, o(d) 33 4 19)
Stress relieved 119 81, 6(d) 36 §6.5 (19)
Recrystallized 7.5 63, 7(d) 36 34,8 (19)
As rolted 112.9 96, 7(¢) 29 59,7 18)
stress relieved 132, 99, 1(4) 31 70 (18)
Sheet
Steess-relieved sheet (0,065 meh)© 126, 108, 2 37,2 16)
129,4 106, 8 22 38,4 (16)
Recrystall sed sheet (0, 065 ineh)(©) 84,9 84,9 58 6.5 16)
89.5 3.5 a6 60,4 (16)
Reerystallized sheei©)
As-relied surface 126.6 (L) 125,28 {L) 0,24 (L) - (20)
17, 1(T) 110.4(T) 0.88 (1) -- (20)
116,7 (T) 163.7 (T) 0.88 (T) - (20)
surtace ground 132,2(1) 124.4 (L) 4,1(L) - (20)
135 (1) 125 (L) 6.2 (L) - (20)
120 (T) 195, 7 (T) 14,8 (T) - (20)
119,2 () 106, 2 (T) 12(T) -- (20)
Sheer (1716 1neh)
As rolicd, 270 vl IL6(L) 79,4 (1) 10 (1) -- @
1105 (T) 86,7 (T) $(T) - (e
<tress rehieved, 260 VN 865, 3 un_R 1 -- (1)
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TsBLE A-53, (Continued)

Tensile Yicld Swength
Strength, (0, 2% Offszt), Elongation, Reduction 1n
Cond:tion 1000 ps1 1000 psi per cent Area, per cent Reference
Sheet (Conunued)
Sheet (1/16 inch) (Conunued)
Recrystallized, 194 VHN«) 81(L) 68 (L) 28 (L) -- (21)
66 (T) 58,5 (T) 3(T) - (21)
As rolled, 309 VHN(E) 135.1 107.3 13 - e
Stress rehieved, 300 VHNGG) 114,1 90,2 16 -- (21)
Recrystalhzed, 197 VHN(8) 74 52 34 -- @y
As toiled, 302 VEHNUD 125,9 (L) 1159 (L) 1) -- @y
. 126,4 (T) 1213 (T) 0,5(T) -- (21)
Stress relieved, 285 VHN() 97,5 (L) 96.4 (L) 1) -- (21)
122,1(T) 116,5 (T) 1(T) -- 21)
N®
Recrystallized, 192 VH 58,5 (L) 57.9 (L) 0,5 (L) - @1
55,8 (T) 55.8 (T) 0.5(T) - @n
As rolled, 263 VHND) 101, 4 (L) 80,6 1 - (63))
89,0 (1) -- 0 .- (21)
Stress reheved, 247 VHN() 73,0(T) - 0(T) . 3))
Recrystailized, 193 VHN() 36,7 (L) .- 0(L) - 21
48,9(T) 43,8(T) (1) -- i)

(a)

0,46% T1 and 0,012% C,

(b) 0.46% T1 and 0,023% C,
(c) 9.46% Ti and 0,021% C,
(d) 0.1 per cent offset,

(e) 0.4"% Ti and 0,02% C,
) 0.023%C,

(g) 0,019%C,

(h) 0.046%C,

(1) 0.047%C,
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TABLE A-54,
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EFFECT OF IEMPERATURE AND STRAIN RATE ON THE ‘vENSILE PROPERTIES OF
RECRYSTALLIZED ARC-GAST Mo-0,5Ti BAR AND SHEET IN ARGON(2HZ4)

Tensile Yield Swength Elongauon Modulus of
Temperaute, Strain Rate, Strength, (0, 2% Offset), 2 Inches, Elasucity,
F m, /11, /min 1000 psy 1000 ps1 per cent 106 ps:
Bar, 3/8-Inch Diameter
RT 0.002 1,1 65,0/54, 1(D) 34,0 55,1
0,2 80,0 71,5/68, 5(b) 385 17,9
1200 0,002 39,2 15,5 38.8 13,0
0,2 55.8 -- 44,5 --
2100 ¢,002 22,0 13,2 22.0 12,5
0,2 .3 -- 30,0 --
2600 0,002 13,8 16,2 1.8 15,0
0,2 11,5 9,1 22,0 14,6
00 9,002 4,24 - .U .-
0,2 6,76 3,26 25,5 2,12
Sheet, 0,060 luch
RT 0,002 6.9 61,5/47, 1) TR 43,4
0,2 8.5 68.4/61,8(b) 20,0 43,5
1260 0,002 37.1 12,95 30,0 22.8
0,2 35,0 9,32 30.2 19,0
2100 0,002 1.9 13,6 12,5 23,8
0,2 33,2 13,18 RN 19,0
2600 0,002 15,27 1,02 11,0 10,2
0,2 16,52 9,10 13,5 6,9
2000 0,007 2.84 .- - 12,0 .-
0,2 5,20 .. 16,2 .-

(2) Recrystallized 35 mmnutes at 2900 F, ASTM €,

(b) Upper yield suengthi/lower yield strength,

TABLE A-55,

POWDER-METALLURGY Mo-0, 5T1 SHEET (0. 040 INCH){11)

EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF AS-ROLLED

Tensile Yicld Swength
Temiperature, St-ength, (0. 2% Offset), Elongation,
F 1. )¢ psi 1000 psi per cent
RT 150 140 7
2000 8 bl 10
2200 §5 38 10
2400 28 o1 o
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rani¥ A-56, EFFECT OF TEMPERATURE ON SOME SLLECTED TENSILE

PROPERTIES OF Mo-9,5Ti RCD, BAR, AND SHEET

Tensile Yield Strength Reduction
Temperature, Suength, (0. 2% Offser), El»ngauon, in Area,
Condition F 1000 psy 1000 pst per cent per cent  Reference
Rod and Bar
Rod (7/16 anch)(®
Stress rehieved ~155 190,3 190,3 - - (29)
-165 184,6 184.6 - -- (16)
Recrystallized =105 120 120 .- 0 (16)
-105 121.3 21,9 - 0 (15)
Suess relieved -15 157.4 167.4 26 69 (16)
-5 i34 153.5 21 64,6 (16)
Stress relseved 32 186,2 134,6 25 67.8 (16)
32 137,2 134,2 22 €9 (16)
Recrystallized 32 103 103 -- 10,3 (16)
Rod (1/16 1nct)®)
Stress relieved 212 107.6 104 34 77.4 (415}
212 05,0 104, 2 217 78,1 (16)
recrystallized 212 715 7.5 .- 30,5 (16)
212 66.3 66,3 33 34,6 (16)
As-rolled rod (3/8 snch) 300 3.9 €9,6 25.6 61.4 (25)
200 73.35 68,75 29,5 66.9 (25)
Recrystallized rod (7/16 mch)(n) 570 43,7 45,5 49 85 (16)
Rod (3/8 inch)
As rolled 570 67.45 65.1 29 74,7 a7
70 67.9 65.5 25.6 18,7 ©n
750 100,4 18, %) 18 76,1 (38)
Stress relieved 750 110.0 85l 18 72,8 8)
Recrystaihzed 750 45.6 30, (™) 47 6,4 an
Rod (1 wch)
As rolcd 0 90,8 -- 6 5.5 an
Stress rehieved 750 90,7 71, & 1 73,5 an
Reerystallized 750 42,4 16, 8(b) 45 83.9 (an
As-roll2d rod (3/8 inch) 930 62,65 61,5 22.7 84.2 (25)
93" 611 €0 24 82,7 (25)
1110 65.4 65,25 20,4 82.1 (25)
‘ 1110 57.5 55,08 26.3 84.6 (25)
Fod (5/2 inch)
As tolled 1200 101,3 &0, 6(0) 18 82.6 (18)
Stress rehieved 1200 100, 5 ga?) 17 74.1 (18)
& Recrystallized 1200 43,7 - 45 86,2 {18)
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TABLE A-56.  (Continued)
Tensile Yield Strength Reduction
Temperature, Suength, (0.2% Offset),  Elongation, in Area,
Condition F 1000 psy 1000 psi per cent per cent  Reference
Rod and Bar (Continued)
Rod (1 tnch)
As rolled 1200 84,9 68, 3(b) 15.5 14,5 ©8)
Stress rehievea 1200 84,17 62, 6(0) 16 11,9 (26)
Recrystallized 1200 39,2 10,3(b) 42.5 81,7 (26)
Red (5/8 1nch)
As rolled 1600 34,3 55,5(0) 18 79,6 an
Strest rehieved 1600 83,2 54.5 18 6 (17)
Recsystailized 1600 39,6 i3,9 50 89,9 an
Rod (1 tnch)
As rolled 1600 8.4 64.8(%) 15.5 5 an
Stress relieved 1600 .7 2,8(b) 16 75,7 )
Recrystallized 1600 37,5 14, 5(b) 48,5 87.6 7)
Rod (0,300 1nch)
0% rex 1800 3.9 - 18.0 81,0 (15)
5. 2% rex 1800 61.2 .- 18,7 87,9 (15)
39, 9% rex 1800 46,1 - 26,7 91,0 (15)
46,3% rex 1800 39.4 - 31,3 91,4 (15)
63, 5% rex 1800 36,2 - 39,3 89,3 (15)
74,4% rex 1800 35.5 - 48,7 91,8 15)
97,6%rex 1800 20,1 -- 60,7 93,8 (15)
¥00% rex 1800 30,7 -- 56,7 86,9 (15)
Rolled 6,2% 1800 F 1800 35.8 - 53,5 92,4 (15)
Rolled 17,19 1800 F 1800 41,5 -- 32,7 89,9 (15)
Rolled 33,8%, 1800 F 1800 48,4 L 2,0 88.4 (15)
Rolied 81,9%, 1800 F 1800 65.0 -~ 24,7 87,0 £15)
Rolled 7,2%, 2100 F 1800 35,0 - 50,0 91,9 (15)
Rolled 17.3%, 2100 F 1800 42,1 - 32,7 91,7 (15)
Rolled 81,3%, 2100 F 1800 65.1 -- 25,3 83.5 (15)
Rolled 6,7%, 2400 F 1800 3€.3 -- 33.3 91,6 (15)
Rolled 17, 1%, 2400 F 1800 43,17 - 30,0 90,6 (15)
Rolled 82,2%, 2400 F 1800 53,5 .- 5,3 88,3 (15)
Rod (rolled 2250 F, 0,375 nch)
As tolled, forged 1800 F 1800 4.6 - - .- (15)
As rolled, forged 2100 F 1800 €7.8 -- -- - {15)
A roiled, forged 2400 F 1800 46,0 -- -- - 15)
50+ tex, forged 1800 F 1800 43,7 - -- -- (15)
50% 1ex, forged 2100 F 1800 43.4 -- - - (15)
50% rex, forged 2400 F 1800 40,9 - - .- (15)
100% rex, forged 1800 F 1800 36,8 - -- .- (15)
100% rex, forged 2100 F 1800 39,6 .- --. .- (15)
100% tex, forged 2400 F 1800 39,9 - .- -- (15)
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TABLE A-56,  (Continued)
Teusile Yield Strength Reducuon
Temperature, Sucugth, (0.2% Offser),  Elongauon, in Area,
Condition r 1000 psy 1000 psi per ceat per cent Reference
Rod and Bar (Contnued)
Rod (tolled 2400 F, 0,375 incl)
As rolled, forged 1800 F 1800 63.7 -- - -- (15)
As rolled, forged 2100 F 1800 62.8 - -- -- (15)
As rolled, forged 2400 F 1800 312 - -~ (15)
50% rex, torged 1800 F 1800 46,8 -- - - (15)
50%rex, forged 2100 F 1800 39,7 - - - (15)
50% rex, forged 2400 F 18C0 42, - -- -- (15)
100% rex, forged 1300 F 1800 34.4 -- - - (15)
100% rex, forged 2100 F 1800 37,0 - -- -- (15)
100% rex, forged 2400 F 1800 38,1 - -- -- (15)
Rod (1/4 wnch)©)
As rolled 1800 31,3 55,5 18 9.6 (21
Stress relieved 1800 83,2 54,5 18 76,0 [¢2)]
Reerystaiiized 1800 39.6 13,9 o6 89,9 )
Rod (5/8 inch)(d)
Stress relieved 1800 67,8 67,4 20 79.5 an
Stress relieved 1800 67.2 60,1 18 79,2 (17)
Stress relieved 1800 64,6 -- - .- (el
Stress relleved 1800 67.8 -- - - (27)
Stress teiieved 1800 46,0 .- .- .- [€4)]
50% rex 1800 43.7 - -- .- (613
509 rex 1806 as.4 -- - - le1))
50% rex 1800 40,9 - -- - (27)
Recrystalhzed 1800 34,4 -- - - @7
Recrystalhzed 1300 37 .- -- -- “n
Recrystallized 1800 18.1 -- -- -- [€1))
Stress relieved 2000 58,7 50,5 15 (17)
2000 60,0 53,7 18 . an
Stress rehieved 2400 18,6 8.5 70 24,6 (17)
2400 18,3 8,4 61 94.6 (17)
Rod (1/4 nch)(©)
Stress relicved 2400 20,0 9,9 T 7.3 (21)
Recrystallized 2430 20.0 11,8 72 95.5 {21
Bar (1/2 inch)
Extruded, as rolled 2500 22,5 .- -- .- (25)
Recrystalhized(€) 2500 24,4 - -- 15 (28)
Extruded, asrofted 2750 14,65 .- -- -- (25)
Extruded, asiolled 3600 9.3 .- 56 -- (25)
Recrystallized(€) 3000 8.4 -- - 2 (28)
Reerystallized(€) 3250 415 - -- 99 (28)
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TABLE A-56.  (Continued)

Tensile Yield Strengtn Reduction
Temperatare Strength, (0,29 Offsct),  Elongatwn, 1n Area,
Condion F 1000 psi 1000 psy pet cent per cent Reference

Rod and Bar (Conuinued)

Extruded, asro.led 3300 5.27 -- .- - (25)

3500 3.03 -- - -- (25)

Recrystall,zed(®) 3600 1,265 -- -- 95 (28)

Extruded, as rolled 3700 1,30 - .- - (25)
Sheet

Sheet (0. 065 inch)(@3

Stress rehieved -390 203.2 .- - .- (16)
-390 208 -- -- - (z6)

Stress rehieved -165 167.8 i6lL8 -- 9.4 (16)
165 162, 1 160 -- 24,5 (16)

Recrystalhzed =165 130,9 130, 9 -- o (16)
-16% 133,6 133,6 .- . (16)

-140 19,2 19,2 -- v (i6)

Stress relicved -105 1476 i35.2 -- 35.5 (16)
-105 1478 34,5 2 35 16)

Recrystalhized =105 11,9 1119 -- 4] (16)
=105 i11,2 1152 .- 9,2 (16)

Stress relieved 380 109,2 .8 - 43.4 (16)
390 105.9 93,8 -- 42,9 (16)

Reerystallized 230 61 61 -- 69.5 (16)
390 58 58 -- 71,9 (16)

570 55,3 40,6 -- 69,5 (16)

sheet (1716 ey

As relled 1600 66 (L) -~ 6(L) - (21)
1800 74.8(T) 44.5(T) S(T) -- (n
Stress rehieved 1800 63.4 (L) - 6 (L) -- ©n
1800 74.8(T) -~ 1(T) -- [£3))
Reenystallized 1860 34,4 (1) 19,6 (L) 20 (L) - 1
1800 39,2(T) 14,6 (T) 16 (T} -- n
Stress el ved 2400 19.9 (L) 8.8 (L) 30(L) -~ n
2400 20,7 (L) 10,8 (L) 11 (L) - [&3))
2400 21,1 (T) 9,9(T) 28,5 (T) -- (21)
400 18.2(T) 9,7(T) 5(T) -- (21)
rewrystaliized 2400 17.6 (L) 9.4 (L) 30(L) - )
2400 15.4 (1) 5.9 (L) 27,5 (L) .- n
2366 16,7 (T) 7.3(T) 30(T) -- (<1)

2400 16,9 (T) 11,1(T) 36 (T) - 1)
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TABLE A-36, (Conunuec)

Tensile Yield Strength Reduction
Temperature Strength, (0.2% Offset),  Elongation, in Area,
Condition F 1000 ps: 1000 psy per cent pet cent  Reference
Sheet (Continued)
Sheet
6, 060 inch 2400 39,9 33,5 5 - (29)
0, (40 inch 2600 18,9 11,5 12 .- (29)
0. 060 wnch 2606 16,2 11,4 10 -- (29)
0,040 1nch 2800 15 8.4 22 .- (29)
0, 060 inch 2800 12,4 8.7 i0 -- (25)
0, 040 inch 3000 9.8 5.7 30 -- (29)
0, 06G inck 2000 10,8 6.7 20 -- (29)

(a) 0,46% Ti and 0,012%C,
(b) 0,1 per cent offset,
(c} 0,46% T1and 0,021% C,
(d) 0,46% T1and 0,023%C,
{e) 0,47% T and 0,026% C,
(1) 0.046100.047%C.
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TABLE A~57. EFFECT OF TEMPERATURE ON THE MODULUS OF ELASTICITY OF ARC-CAST Mo-0. 5Tt ARG

Reference 3%(b) Referenice 24(¢)
Modulus of Strain Rate, Modulus of
Temperature, F Elasucity, 108 ps Temperature, F i, /m. /min clasticity, 106 pst

RT 3.1 RT 0. 002 49.1
400 36.5 0.2 48.9
600 38.6 1200 0,002 36.5
300 RS A 0.2 17,0
1000 33.7 2100 0,002 16,3
1200 32.2 0.2 23.6

) 1400 28.5 2600 0,002 18.7
1600 29.9 0.2 39,2
1800 27,8 3609 0,002 5.6
2000 25,6
2200 16.9
2400 8. 55

(a) Data from compressive tefts,
(») From 3/4-10¢h hot-cold-rolled stresserelieved bar, Test rate 0. 05 wach per minute in argoi.
(¢) 3/8-inch diameter bar recrystallized 35 minutes at 2900 F, ASTM €.
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Temperature, C
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FIGURE A-88.

LOW-TEMPERATURE TENSILE PROPERTIES OF
AS-ROLLED AND 5TRESS-RELIEVED Mo~0. 5Ti
BAR (5/8-INCH DIAMETER){!7)

Analyses 0 46% Ti and 0,021% C.

Elongotion ond Reduction in Arec, per cent
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Sintenng  Temperotwe, C

EFFECT OF SINTERING TEMPERATURE ON TH
STRENGTH OF SYLVANIA POWDER-METALLUK
0.5Ti SHEET (0.040 INCH) AT 2190 F(31)
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Carbon, ppm A-4802¢

EFFECT OF CARBON CONTENT ON THE 1200 C STRENGTH
PROPERTIES OF SYLVANIA POWDER-METALLURGY
Mo-0,5Ti SHEET (0.040 INCH) ROLLED FROM BILLETS
SINTERED AT 1850 TO 2300 c(31)
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UNNOTCHED AND NOTCHED BAR AND SHEET TENSILE
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FIGURE A-96, TENSILE PROPERTIES FOR WROUGHT, STRESS-RELIEVED
ARC-MELTED Mo-0.5Ti BAR (1/4 HR AT 1200 C;
HARDNESS 272 VEN){16)

Unnotchod Notched Impunrity Weight Per Cent
Crosshead Speed,

irch per minute 2.02 0.005 C 0.012
O <0,0020
N 0.001
H 0. 0006
Ti 0.5
Ta <0.2
w <0.1

Others <0_06
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TENSILE PROPERTIES FOR RECRYSTALLIZED
ARC-MELTED Mo-~0. 5Ti BAR (1/4 HR AT 1400 G;
HARDNESS 201 VHN; ASTM 8, 1){16)

Impurity Weight Per Cent

C 0.012

o ~0 0020

N 0.00%

H 0.0006

Ti 05

Ta <0 2

w <0.1

Others <0, 06
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FIGURE A-98.  TENSILE PROPERTIES FOR WROUGHT, STRESS-RELIEVED
) ARC-MELTED Mo-0.5T1 SHEET (AS RECEIVED, HARDNESS
267 vaNyli2)

Unnotched Notchea npurity Weight Per Cent
Crosshead Specd,

inch per mnute 0.02 0,005 C 0.020
O 0 0042
N 0.001
H 0. 0005
T 05
Ta <0.2
w 0.1

Others 0.05
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FIGURE A-99. TENSILE PROPERTIES FOR RECRYSTALLIZED ARC-MELTED
Mo-0.5Tt SHEET (3/4 HR AT 1410 C; HARDNESS 183 VHN,
ASTM 8, 4){12)

Unnotched Notched Inpurity We:ght Per Cent
Crosshead Speed,

inch per miaute 0,02 J 05 C 0. 020
o] 0. 0042
N 0.0061
H 0.0005
T 05
Ta 02
w 0.1

Others +0.05
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FIGURE A-100. UNNOTCHED AND NOTCHED BAR TENSILE TEST
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FIGURE A-101, EFFECT OF STRUCTURE ON THE UNNOTCHED AN(I%31;JOTCHED
TENSILE STRENGTH OF ARC-CAST Mo-0.5Ti BAR

Unnotched Notched Impurity _PPM

Crosshead Speed, 0,02 0. 005 C 260-290
inch per minute (o} 1-78
N <16-40
H <1
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FIGURE A-102, EFFECT OF STRUCTURE ON NOTCH-UNNOTCH STRENGTH
RATIO OF ARC-CAST Mo-0. 5Ti BAR(33)

Unnotched Notched Impurity PPM

Crosshead Speed, 0. 02 0. 005 C 260-290
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FIGURE A-103. EFFECT OF STRUCTURE ON THE UNNOTCHED AND NOTCHED
REDUGTION IN AREA OF ARC-CAST Mo-0, 5Ti BAR(33)

Unnotched Notched Impurity PFM

Crosshead Speed, 0.02 0. 005 C 260-290
inch per minuvte 0 1-78
N <10-40
H <1
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STRESS-RUPTURE UnTA FOR STRFSS-RELIEVED AND RECRYSTALUZED Mo-¢, 5Ti SHEET
3

(1/16 1:CH) AT 1500 F(34)

Catbon Content,

Stzess, 1000 pel, to Produce Rupture

weight per cent Conditon 1 Hour 10 Houn 100 Hours
0,045 Stress relteved 1 hour 2000 F 1.8 $9.% 2.0
Reczystallized 1 hour 2400 F 32.5 30.0 2.5
0.047 Stress relieved 1 nour 2130 F <62.0 == -
Recrystallized 1 hour 2800 F .- 34.5 23.5

TABLE A-59,

EFFECT OF PRIOR FABRICATICN HISTORY ON 1HE CREEP AND STRESS-RUPTURE PROPERTIES OF
Mo-0.5T1 AT 1800 F(15)

Conditicn Fotging CreepRate,  Rupture Reducuon
Prior to Tempesature,  Stess, pet cent/ Time, Elongauen, in Area,
Condinor Totging F 1000 ps! hour hours pet cent peor cent
Varying strain hatdening along  As tolled 1800 .0 0,14 1.5 9.3 62.8
specimen gage length, tolled 1800 510 - 1.9 0.7 -
at 2250 £, Peat weated, 2100 58.0 - 6.9 1.5 82.2
forged 2100 L0 0.056 45.3 10.5 7.4
2400 38,0 .- 8.8 10,4 89.4
2400 2.5 9.028 234.3(9) 0.4 .-
50% rectys- 1800 39.0 0.26 4.2 1.2 86.6
tallzzed 1800 3.0 0,006 284,9 8.4 7%5.5
2)ov 38.% 0.025 47,4 10.7 90.2
2100 34,0 0.0038 81.0 9.9 83.3
2400 36,0 0,028 3.1 8.1 4.4
2400 34.5 0,05 17.7 8.9 8.1
100% recrys- 1600 35.0 0,01 115.4(€) 2.2
ullized 1800 LS 0.0001 233,7() 0.74 --
2100 3.0 0.018 36.2 8.0 82.1
2100 LS 0.0013  281,2(3) 0.97 --
2400 39,0 0.30 2.4 9.5 81.2
2400 36.0 0,00012 2093  o.40 -
Varying steain hatdening along  As rolled 1800 $5.0 0,12 210 1.1 80.2
specimen gage length, rolled 1800 5.0 0.46 +1.8 9.6 12.9
21 2400 F, hear treated, 2100 §5.0 0.25 9.9 10.7 64.1
fatged 2100 $0.0 0,13 5.2 10,6 4.6
2400 37.0 0.35 5.6 9.5 89.3
2400 33,0 0.045 21.3 9.6 90.4
S0P recrys- 1800 33.0 0,13 9.3 9.5 85.7
ullized 1800 29.0 0,035 .1 10.4 90.9
2100 38,5 0.10 1.6 9.6 91.8
2100 30.5 0,000¢3 190, 5(3) 0,27 -
2400 38.0 0,01 2.9 9.3 86,0
2400 35.0 0,021 20.1 9.3 85.7
Varyng steain hatdening slong  100% recrys- 1800 J2.0 0,008 2.4 9.3 9.9
specimen gage length, rolied  wlhized 1800 29,0 0,003 138, 4(5) 2.1 -
2t 2400 F, heat treated, 2100 .5 0.0035 125, 1(3) 0.86 .=
fotged 7100 32.0 0.007 153.4 8.6 90.0
2400 33.0 0.56 5.9 10.3 92,9
2400 29.0 0,001 185, 8(8) 0.81 .-

{3) Test dbszanunued.
(b) Estimated.
{¢) Tend d be P

(d) Value atained on loading.

holder failed.
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TABLE A-60. CREEP AND § fRESS-RUPTURE PROPERTIES OF STRESS-RELIEVED Mo-v STt AT 1000 TO 2000 F(33)

Tune, hours, to Reach Indicatec Mimmum Rupture Reduction
Temperature, Stress, ___Per Cent of Deformation Creep Rate, Tume, Elongation, n Area,
F 1300 pss v 2 0.5 1.0 2 S per cent/hour hours per cent per cent
1900 85.5 - -- .- -- -- - {4) 12,0 84.5
75.¢ ) - - -- -- Nil 260.4(h) 0,47 --
1260 82.5 en  me .- .- - -- (2) 12.9 82.1
8.5 (@ 0.1 52 - -- 9.0016 255. 1) 1.33 --
1404 76.0 .- .- -- -- -- -- (a) 12.¢0 3.1
7¢.0 (4) U5 19 9B 242, est 0,013 254.7 15.2 72.1
1600 85.u .- - v.06 0.3 -- 1.y Q.5 14.3 86.8
8.0 -- €2 1.7 S 15 0,22 18.2 17.4 88.3
. 1 4 14 32 -- <. 3i 138.0 7.1 2.7
65.0 7 18 38 0] 145 v u3 171.0 17.6 77.5
1800 0.0 (@ (a) 9.13 9.4 u.9, est. 3.2 1.0 16.5 83.2
60.0 u.2 1.6 4.0 8.7 29, st u.2 27.5 18.5 88.9
85.v 2.7 1.7 1k 5 80 0.037 84.6 18.¢ 83.6
50,0 5.5 16 34125 21, osu v.u12 221.9 16.3 61.8
8.0 .. ea -- -- - 9.003, est, 559.¢ 12.8 51.7
4.0 12 27 269 595 - 0.0u14 910.0(®) 3.22 -
2u0) .8 -- -- -- .- -- -- 0.2 12.1 79.8
50.0 - 03 0.7 2.5 .- 0.52 6.7 19.2 87,6
30.u -~ 3.5 37T 1w -- 0.0v12 257.2 10.3 39.6
217.0 -- 9.0 5 1N - 0.009 501.2 11.5 6.6
25,0 - 15 1 235 - s.o0gz 335,80 2.3 -
20.9 - 25 183 -- -- .04 261.5®) 1.4 -

(3) Value attained on loading.
(b) Indicates test was discontinued st this time.
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CREEP AND STRESS-RUPTURE PROPERTIES OF RECRYSTALLIZED

Mo-0.5T1 AT 1000 TO 2400 £(35)

Time, hours, to Reach Indicated Minimum Rupture Reduction
Temperature, Stress, Per Cent of Deformation Creep Rate, Time, Elongation, n Area,
F 1000 pst 3 5 8 10 12 15 per centsaour hours per cent per cent
1000 38,0 = -- (2)  -- - .- Nl 256.10) 5,54 --
1200 38,0 e == (a) == .- - .0004 26,4 562 --
36.0 - e e e e -- 0.0005 232.4®) 36,8 .-
1400 35.0 - - 100 202 268 378 0.017 402.5(b) 15.9 .-
1600 40.0 -~ (3 0.3 0.5 0.8 1.0 - 1.1 4.8 90.4
3.0 (3 1.5 u 21 32 48 0.19 4.9 32.8 86.4
34.0  (a) 8.0 72 128 118 210 0,037 223.0 25.0 61.1
33.5  (a) 8.0 $4 116 178 310 0.027 379.4(b) 15.3 --
1800 35.0 - == (3 0.04 O0.08 0.10 - 0.35 50.5 92,3
2.0 () 0.29 04 07 1.1 1.7 5.8 3.9 45.6 89.7
29.0 0.18 1.0 5.0 11 11 27 0.32 82.3 63.2 89.4
275 0.7 4.1 10 13 22 41 0.014 328,7(0)  22.4 --
2000 30.v -- (@ 006 0.1 0.1 0.2 - 0.r 48.3 89.7
250 (3 -- 0.1 0.16 0.2 0.5 6.0 4.4 51.7 86.7
20,0 2.3 13 3T 55 B 115 0.11 221.1 32.8 38.2
18.0 43 125 210 249 285. est. -- 0.023 280. 0(b) 12.6 --
2400 5.0 - .- - - - - 0.013 258.9 4.2 5.8
3.0 e em e e - -~ 0.0023 834.4® 4 g0 -
2,0 =e  ee me e e --  0.0003 3e1.0(0) 0,188 --
1.0 - e e e e -- o.0001: 7003 o om -

(3) Value attained on loading.

(b) Indicates test was discontinued at this time.
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TABLE A-62. SOME SELECTED CREEP AND STRESS-RUPTURE PROPIRI'TES OF Mo-0,5T1 AT ELEVATED 1EMPERATURES

Creep Ratc, Rupture Reducton
Composition and 1emperature, Stress, per cent/ Tiume, Elonyation, in Area,
Condiuon F 1000 psy hour hours per cent percent  Reterence
0,.45% T1, stress reheved 1600 85.0 3.0 0.5 14.9 86.8 (179)
15.0 0.22 18,2 17.4 88.3 D
63.0 c.03 17,0 17,95 7.5 (1
1800 70.0 3.2 1.0 18.5 83,2 {i%)
60,0 0,21 21.5 i85 88,0 (17)
50.0 0.02.2 227.9 16,3 61,8 (17)
2000 70.0 .- 0.2 12,1 9.8 (17
50.0 0.8C 6.7 19.2 87.6 (17)
20.0 0.004 261, 6(2) 2.4 -- 3%}
0.45% T, recrystalizzed 1600 10 ¢ - 1.1 443 90.4 (17)
35.0 0.19 14,9 32.8 86.4 an
33.5 0,027 3179, 4(2) i5.3 -- amn
1200 35.0 .- 0,35 50,5 92.3 Q1]
31.0 5,8 3.9 45,6 89.7 17
27,5 o.011 298, 5/ 22.4 - (1)
2000 30,0 .- 0.3 48.3 79.7 (27
25,0 6.0 4.4 51.7 86.7 (17
18.0 0,02 280, 0(3) 12,6 -- 17
0. 407 T2, stress rehieved 1600 70.0 0,031 133.0 17,1 72.17 (17
1800 55,0 0,037 94.v 18.0 83.6 (17)
45.0 0.003 550.90 12.8 51.7 (17
45,0 0.0014 335. 8(3) 3.2 -- ()
2000 30,0 0,0042 257.2 10.3 39.6 (17)
27.0 0.009 501,2 13 6.8 (17)
25,0 0.0062 335.8(% -- -- an
0.46% T1, recrystalhized 1600 34.6 0.037 223,0 25,0 61,1 (17)
1800 29.0 0.32 82.3 63.¢ 83.4 an
2000 20.9 0,01 221.1 32,8 88.2 (17)
0.46% Ty and 0. 21% C, 2400 15,0 3,40 2.2 37.2 83.8 (i9)
as rolled 10,0 0,005 95.4 i5.6 90,6 (19)
0.5% Ta, stress icneved 1000 85.5 -- (b 12.0 84.5 (36)
5.0 Nl 26.4(9) 0,47 -- (36)
1200 82.5 - (b) 12,0 82,1 (36)
8.5 0.0016 255.4() 1,33 -- (39)
1400 76.¢ - (b) 12,0 13,1 (36)
7.0 0,011 25.7 15,2 72,1 (36)

.
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TABLE A-62 (Contiaued)
Crer D Rate, Rupture Redncuon
Compostuon and 1emperature, Suess, per o/ T.me, Elongation, 1n Area,
Condiuon i 80 P 3 hours per cent per cent  Reference
0.5% T1, stress reheved 1600 85.0 3 .6 14,9 86,8 (36)
(Conninued) 75,0 .22 18.2 1.4 88.3 (36)
70.0 0,031 138.0 1.1 72,1 (36)
65,0 0,03 171.0 1.5 77.5 (36)
1800 70,0 3.2 1.0 16.5 83.2 (36)
60.0 0.21 21.5 18.5 88.0 (36)
55,0 0,037 94,6 18.0 83.6 (36)
50.0 0,042 227.9 16,3 61.8 (36)
48,0 0,007 cst, 580,90 12,8 51.7 (36)
45,0 0.0014 910, o(c) 3,22 .- (36)
2000 70,0 - 0.2 12,1 79.8 (36)
50,0 0, 52 6.7 19,2 87.6 (36)
30,0 0. 0042 259.2 10,3 29.6 (36)
27,0 0.009 501.2 1,5 6.8 )
oR, 0 8, 0062 225,8/€) 2,3 - {36}
20,0 0,004 261, 6(¢) 1.4 -- (36)
0. T1, tecrystalhized 1000 38,0 N:l 256, 1() 2, 54 -- (36)
1200 38,0 0.0004 2186, 4(¢) 8.62 -- (36)
36.0 0,0005 222, 4(c) 36.8 -- (386)
1406 35.0 0,017 402, <) 15.9 - (36)
1600 40,0 - 1.7 44.8 96.4 (36)
35.0 0,19 4.9 32,8 86.4 (36)
34,0 0,037 223,60 25,0 61.1 (36)
33,6 0.027 379,4(<) 15,2 - (36)
1800 35,0 .- 0.35 $0.5 92,3 (36)
31.0 5.8 3.9 15.6 89,17 (36)
29,¢ 0.32 82,8 63.2 89.4 (36)
2.5 0,014 3287 28,4 - (36)
2000 30.0 .- 0.3 48,3 89.7 (36)
25,0 6.6 4.4 51,1 86.7 (36)
20,v 0.11 021, : 32.8 88.% (36)
18,0 0.023 280,C) 12,6 -- (36)
2400 5.0 c.013 258.9 1.2 5.8 (36)
3.0 0. 0027 834,4(<) 1,90 -- (36)
2.6 0,0003 361.00¢) 0,188 -- (36)
1.0 9 J0011 760,3(¢) 0.077 e (36)

(a) Tost discontinved.
(b) Vatue attainied on loading,
() Estun ted,
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TABLE A-63. CREEP AND STRESS-RUPTURE PROPERTIES OF RECRYSTALLIZED ARC-CAST
Mo-0.5T1 BAR (3/8-INCH DIAMETER) IN ARGON(2X®4)

Timne, mn, to Produce Indicated

Temperature. Swress Amount of Defermaticn Elongauen,
F 1000 pn1 1% 2% % Rupture per cent
2100 16,9 35,2 112,0 -- -- -
12,0 * T 3.8 200,0 .- -
19,5 123.0 -- -- .-
20,0 2.2 6.5  104,0 25 %
2600 8.5 4.75 29,5 79,0 24
10,0 0,1 0.5 1.2 40,0 23
12,0 0.5 1.3 4,5 11,0 23
13,0 0,2 0.4 3.0 19,0 25
3000 2,0 38,0 17.0 244,0 390,0 -
2,5 36,0 60,0 111,60 127,0 18
3.0 3,0 1.5 19,5 31,2 23

(3) Recrystallized 35 minutes at 2960 F, ASTM 6,
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INCH) AT 2190 F(31)
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{ABIE A~ HARDNESS SPECIFICATION TOR WROUGHT AND
RECRYSTALLIZED ARC-CAST Mo-G. 5T1 BARS'INv)

Hardness, DPH(b)

Dameter, mches Miumum Mavimum

Wrought

Over 13 3210 773 25 $10

Over?T Swl 1/8 S0 290

Over 1148 W i-7-8 235 285

Over 1-7/3 w0 2-7/8 230 286

Over 2-7/8 10 3-1/2 225 275

Over 3-1/2 to 4-1/2 220 270
Recnvstallized

Over 13/32 10 3-1/2 -- 219

(a) Hardness detennined at mid-tadis of bar.
(b) 10=kgload.

360 T
340
Legend
320 == == | X Hot worked fosheet bor

\ ® Cold worked to sheet bar

L\
260 \\ \\
: N

300

2C0 ’
> N
180
160
1900 2000 2100 2200 2300 2400 2500 2600
I-Hour Annealing Temperature, F A-41966

FIGURE A-1u7. EFFECT OF ANNEALING TEMPERATURE ON THE
ROOM-TEMPERATURE HARDNESS OF Mu-0. 5T,!38)
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BEND-DUCTILITY REQUIREMENTS FOR ARC-CAST Mo-0, 5T1
PLATE AND SHEET(?)

Bend Radius Value, T

Direcuon of Bend Aais Maximum Typical

Plate, up 10 0,250Inch(9)

Parallel to rolling 3 1
Transverse to roiling 3 1
sheet(10)

Parallel to rolling 2 (]
Transverse to rollinyg 2 0

(a) 3/4 by 2-1nch specimens.  Moderate loading tate.

TABLE A-66  BEND-TEST DATA FOR Mo-0, 5T1 SHEFT (1/16 INCH)(2D)
Temperature, F, for
Carbon Conient, Spectmen Indicated Bend Anple Bend Angle at
werght per cent Condition Oncmauon(a), degrees 10 Degrees 90 Degrees 76 F, degrees
0,010 As rolled 90 S0 188 22
Stress rehieved 30 230 260 0
Recry stalhzed 99 163 a2 1
20,035 As rolled 99 16 150 59
Stress relicved 90 -8 140 75
Recrystallized 90 6 50 131
0.04u As roiled 0 185 200 0
Stress relieved 0 84 155 S
Recrystalhized ¢ 040 310 0
As rolled 90 228 352 0
Stress relieved 90 90 324 8
Recrystallized 90 228 352 0
0,047 As rolled ¢ 155 392 0
Stress relicved 0 280 310 0
Recrystalhized 4 234 360 0
As rolled 90 280 >420 0
Stress rehieved 96 177 320 0
Recrystalhized 30 280 >420 0

(a) Ornentation of Icag dimension with rolling direcuon.
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FIGURE A-108.
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Temperature, F A-46020

EFFECT OF TEMPERATURE AND AMOUNT OF SURFACE
REMCYED BY CHEMICAL MILLING ON THE BEND
PROPERTIES OF STRESS-RELIEVED Mo-0, 5Ti SHEET
(0.062 INCH, INITIALLY){34)

Stress relieved 15 minutes at 2100 F, Specimens cut
parallel to rolling direction, 0,047% carbon.
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TABLE A-67  EFFECT OF TEMPERATURE ON THE COMPRESSIVE
YISLD 41 RENGTH OF ARG-CAST Mo-0 £Ti BAR
(3/4-INCH DIAMETER)(3)(32)

Compressive Yield Strength

Temperatute, F (0.2% Offset), 1000 ps1
KT 112.8
400 56,1
600 94,2
800 80,2

1000 79.6
1200 .7
1400 73.2
1600 69,8
1800 66,2
2000 60,5
2200 29.9
2400 11,95

(a) Tested in argon ar 0,05 inch per munute,

TABLE A-68  EFFECT OF STRAIN RATE AND TEMPERATURE ON THE COMPRESSIVE
YIELD STRENGTH OF RECRYSTALLIZED ARC-CAST Mo-0, 5T1 BAR
(3/8-INCH DIAMETER) IN ARGON(3X24)

Strain Rate, Compressive Yicld Strength
Temperature, F . /in. /min (0.2% Offset), 1010 ps:

RT 0.002 57, 6/48, D)

0.2 74.9/68.2
1200 0,002 15.2

0.2 15,0
2100 0,002 12,28

0.2 10,47
2600 0,002 10,37

G.2 8.16
3538 0,002 3.30

0.2 4,84

(2) Recrystallized 35 minutes at 2900 F, ASTM 6.
(b) Upper yicld strength/lower yield steength.
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TABLE A-69. EFFECT OF TEMPERA TURE ON THE SHEAR STRENGTH GF
ARG-CAST Mo=0, 5T1 SHEET(3®)

Shear Strength, 1000 psy

Temperature, F 0.015 Inch Sheet 0,060 Inch Siieet
-100 109 [
=50 105 86
0 100 85, 88
a2 91 92

(H] 84 817
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FIGURE A-109,

COMPLETELY REVERSED SHEET-BENDING FAT!GUE
PROPERTIES OF STRESS-RELIEVED Mo-0,5 Ti
SHEET (0.020 INCH) AT ROOM TEMPERATURC4M

Analyses 0.46% Ti and 0.02% C.
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4. Metallurgical Properties

Fabricability: 1nitial breakdown of as~cast ingots 1s usually done by e::trusion,
practice for the production of sheet material having the b-st
combination of properties includes: (l) roll het-forged sheet bar
at 2200 F to final mold out, {2) wwid work at 1600 F up to 90 per
cent, and (3) c.oss roll final 75 per cent {ruin stress-relieved
mold out(4l);‘ recommended working temperature afier extrusion
15 1llustrated in Figure A-110

Transition temperature: for as-rolled powder-metall> gy sheet (0. 040 inch)("’l)

Ductile~Brittle Transition
Temperature, C

Direction Range Average
Longitudinal <=75 to =25 <=49
Transverse ~25ta 0 >-17

Tables A~70 and A~71
Figure A-111

Weldability: can be readily welded by most standard welding technigues,
properly welded arc-cast material will exhbat better characteris-
tics {less spatter, sounder weldments) than unalioyed molybdenum —
this is thoughi to be associated with the gettering action of titanium,
welds are room-temperature ducrile{43)

Stress~relief temperature: 1/4 hoar at 2190 F for bar {7/ 16-inch diameter)(“’);
1/4 5 1 hour at 2000 to 2100 F for sheet (i/16
inch){34}

Recrystallization temperatnre: Figures A-112 through A-116
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Reduction, per cent A-46019

FIGURE 2~-110.

FOR CORRESPONDING AMOUNTS OF HOT-COLD WORK FOR
ARC-CAST Mo-0, 5Ti{42)

APPROXIMATE RECOMMENDED WORKING TEMPERATURES

s
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TABLF A-7¢  EFFECT OF HEAT TREATMENT ON THE TRANSITION TEMPERATURE AND NO1CH SENSITIVITY
OF Mo-=0, 5T1 BAR(33)
Difference Between Notch and
Ductility 1 ranstion Temperature, C Unnotched Ducuility

Condition Unnotched Notched (K= 3) Transizon Temperature, \C
As wrought (2F%) 150 300 150
As wrought (557 25 175 200
Low temp, stress relieved -50 100 150
High temp, stress rehieved =50 17, 225
Recrystalhized {smail grain) 50(2) <00 150
Recrystallized (medmusi 5rain) £00 3256 125
Recrystathzed (large grain) 200 325 125

(3) Approuimate m

mmum of plateau.

TABLE A-71. BEND-TRANSITION 1EMPERATURE REQUIKEMFNTS FOR
ARC-CAST Mo-0. 5Ti PLATE AND SHEET(®)

Bend Transttion Temperature, F
Direction of Bend Axis Masimurit Typieal

Plate, up to 0. 250 Inch(d)

Paralicl to roliny 300 70
Teansverse to rothuyg 300 v
Sheet(1)

Paralict to rolling 100 0l
Transverse to rolling 100 Lo

(a) Bend-ur- ~siton temperatere as defined as the mimmin temperature at which
a speunicn will bend through 105 degrees with a moderate vanable loadmy
rate over a 1T radius wathout faihny,
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FIGURE A-114. ANNEALING CURVE FOR ARG-CAST Mo-0.5F1 BAR{16)
1/4 hour at temperature. hydrogen atmosphere. air cooled.

Arc-melted ingot swaged to 7/16-inch-diameter bar.
Working temperatures gencrally above 600 C.
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FIGURE A-115. ANNEALING CURVE FOR ARC-CAST MOLYBDENUM SHEET(16)
1/4 hour at temperature, hydrogen atmosphere, air cooled,

Arc-melted ingot rolled to 0, 065-inch sheet. Working
temperatures generally above 600 C.
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HARDNESS MEASURFMENTS(31)
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Mo-0,5Ti-0,08Zr-0,03C

Identification of Material

a.

b.

C.

Designation: TZM

Chemical composition: Table A-72

Forms available: billets, bars, plate and sheet{l-5)

TABLF A-72,

REPRFSFNTATIVF ANALYSFS 07 ARC-CAST TZM AS

PRODUCED BY CLIMAX AND UNIVERSAL CYCLOPS

Content, Maxitnum, weight per cent

Climax(1-3) Umversal
Element (a) (b Cyclops(bxd)
Al .- - 0,002
[ 0,01-0,04 0,01-0.03 0,01-0,04
Ca .- - 0.002
Co - - 0.002
Cr - .- 0.004
Cu .- .- 0,002
Fe 0,010 0,008 0.010
H 0,0005 0.0005 0.001
K -- - 0,001
Pb - - 0,002
Mg -- - 0,002
Mn -- .- 0,002
Mo 99.25 mimn 99.25 min 99,34 by diff
Na .- -- 0.001
N 0,002 0,002 0,001
N 0,002 0.002 0,002
(o] 0, 0025 0.0%25 0,003
St 0,008 0.008 0,020
Sn - - 0,004
Ta 0,40-0, 55 0.40-0, 55 0.40-0, 85
w -- . 0.005
Zr 0,05-6, 12 0,06-0,12 9,07-0, 120

{a) For forging billets and wrought bars,
(b) For sheet,
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2. Physical Properues
4. Melting poini: ~4730 F{5)
b. Density: 0.367 Ib/in.3 (calculated)
i. Mechanical Properties
3. Tensile Propertics at Room Temperature

Ultimate tensile streagth: Tables A-73 tkrough A-78
Figures A-117 through A-120

Tensile yiuld streagth: Tables A-73 through A-78
Figures A-118 through A-120

Elongation: Tabies A-73 through A-78
Figures A-118 through A-120

Reduction in area; Table A-77
Figure A-118

Modulus of elasticity: Table A-78
b. &fifect of Temperawre on Tensile Properties

Ultimate tcnsile strength: Tables A-79 through A -86
Figures A-121 through A-126 and A-128

Tensile yield strength: Tables A-79 through A-86
Figuros A-121 through A-125 and A-128

Elongation: Tables A-79 and A-80 and A-8% tbrough A-8b6
Figuic: A-121 through A-125 and A-127

Reduction in area;: Tables A-79 and A-89
Figures A-122 and A-)24

Modulus of clasticity: Tables A-84 through A-46
Figures A-121 and A-129

1 c. Notcbed Tensile Properties
Table A-87
d. Creep and Stress~Rupture Properties

Tables A-88 through A-92
Figure A-)30



e.

A-185

Other Selected Mechanical Properties

Hardness: Tables A-93 and A-94
Figures A-131 through A-132

Bend ductility: Table A-95
Figure A-133
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TABLE A-73, ROOM-TEMPERATURE TENSILE-PROPERTY REGUIREMENTS
FOR CLIMAX ARG-CAST TZM BARS(3X2)

Minimum Minimum
Tensile Minimum Yield Elongation in
Diameter, Strength, Steength (0. 2% 11Inch,
inches 1000 ps1 Offser), 1000 psl per cent
Stress Relieved
Over 13/32 10 7/8 115 100 18
Over 7/8 w0 1-1/8 110 95 15
Over 1-1/8 1 1-7/8 100 £5 10
Over 1-7/8 to 2-7/8 90 g0 10
Cver 2-7/8 10 3-1/2 85 15 5
Qver 3-1/2 10 4-1/2 80 10 B

Recrystallized

Less than 2 80 55 20
210 4-1/2 15 45 10

{a) Test rate 0,002 to 0.005 inch per inch per minute hrough 0. € per cent
offset, then 0.02 to 9.05 inch per incn per minute to failure.

TAGE A-T3. TYPICAL ROOM-TEMPERATURE TENSILE DATA FOR ARC-CAST
STRESS -RELIEVED TZM ROUND BAR PRODUCED BY CLIMAX(3X6)

Average Average Yield
Tensile Strength Elongation
Diamecter, Strength, (0. 2% Offset), in 1Inch,

inches 1000 psi 1000 psi pet cent
1/2 134 121 27
5/8 126 121 217
3/4 127 110 217
1 128 109 25
1-1/8 122 103 75
1-1/4 115 103 22
1-1/2 110 96 20
? 104 88 19
2-3/4 96 82 21

(a) Cold Water Production Facility. A1l data foorn 6-inch-diameter arc-cast
ingots coveriny a 2-year period.  Material stress relieved 1/4 to 1 hour at
2200 to 2350 F. Test rate 0,002 inch per inch per minute in the elastic
tange, then 0.05 inch per inch per minute to fracture.
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TABLE A-75, ROOM-TEMP:RATURE TENSILL-PROPERTY REQUIREMENTS
FOR UNIVERSAL-CYCLOPS ARC-CAST TZM $i:ZeT(3H49)

Maximum Minmum
Tensile Maximum Yield Elongation in
Test Suenyih, Suength (0.2% 2 Inches,
Direction 1000 pss Offser), 1000 pst per cent
Longitudinal 150 140 8
Transvesse 150 14¢ 6

(2) Testrate 0.05 inch pe. snch per minute,

TABLE A~7€, RCOM-TEMFERATURE TENSILE-PROPETTY REQUIREMENTS FOR

CLIMAX ARC-CAST TZM SHEET(3X3)

Maninum
Tensile Minimum Yield Elongation in
Thickness, Strength, Strength (0.2% 2 Inches,
inch 1000 ps: Offset), 1600 psi per cent
Type 0]
0.010 to 0,025, incl. 140 115 4
Over 0,025 w0 0.060, ircl. 135 110 L)
Over 0, 060 to 0.090, incl, 130 105 '3
Ovcer 0,090 0 0. 187, 1ncl, 130 105 8
Typ 5©)
0.010 to 0,025, incl. 120-145 100-135 €
Over 0,025 to 0,060, incl. 120- 145 100-135 1

(3) Tested transvesse 10 the final rolling directon.

(b) This type sheet is especially secommcnded where the highest toom-
tempetature and clevated-tempeRiurc propertics are required.

(c) This type sheetis suggested where 2 somewhat lower level of strength and
slighily tugher clongation are required i1n order to lumit the strain hardening

induced by further fabrication.
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TABLE A-77, ROOM-TEMPERATURE TENSILE PROPER[IES OF TZM ROD, BAR, AND SHEET

Composttion Tensile Yield Reduct.on
(Balance Molytkdenum), Strenyth, Strength, Elongadon, n Arca,
Matenal wcight per cent Condiuon 1600 ps: 1090 pn1 per cent per cent
Rog' ¥
1/2 inch 0,44T1-0,072r-0,019C As rolted ML 129.5 21 46
1/2 tch 0.44T§-0.07Z1-0,019C Stress relieved 134.3 120, § 20 35
1/2 ek 0.4411-0,072r-0,013C Recrysalijced 89,3 7.6 32 33
5/8 inch 0.46T1-6,074Z2:-0,017C As rolled 126.9 10v,4 26 59
5/8 inch 0.46T1-0,074Z:-0,¢17C Suess rehieved 1227 19¢,1 27 53
5/8 inch 0.46T1-0,07421-0.017C Suess rehieved 129.1 100.2 29 62
5/3 inch 3.46T1-0.074Zr-0,017C seenystaliized 78.4 49.7 44 36
o8 wnch 0.46T:-0.074Z7-0.017C Recrystaihized 79.7 76.5 33 38
5/8 irch 0.49T1-0.0721-0, 022C Suess reirerca 213 102.5 27 69
11/16 1nch 0.49T1-0,0721-0,019C Suress relieved 139.¢ 104,45 2 42.8
11/i6 inch Q.43T:-0,07Z1-0,029C Stress reheved 18,5 102.3 34 588.1
I-1/4inch 0.4971-6.07Zr-0, 010C Ac relled i s v, 2 21 28
1-1/4 nch 0.49T1-0.0i2r-0. 022 As rolled 107, 1 83.¢6 31 43
2 1nch 0.49T1-1,07Z1-0, 022C, Stress relieved 104.4 ¥0.4 1€ 17
$12(?)

I 4md 0.49T1-0.67Z1-9. 019C As olled 110, 5(L) 90.2 (L) 13 (L) 21(1)
1 x4 nch 0.49T1-0.07Zc-0. U19C As rolled 117.5(T) 93.1(T) 7T 6(T)
sheet(®
1/16 inch 0.511-0,0721-C.019C As rolled 127,3 (L) 14,8 (L) 9.5(L)
1/16 meh 0.5T1=0,0721-0.019C Az rolica 134, 1(I) 113.2{T) 7.5(1) -
1/i6 mch 0.5T1-0,07Z1-0,0149C Stress relicve ' 124.3 (L) 101.4 (L) 13. 8 (L) --
1416 inch 0,571-0.07Zr-9,019C Stress relicved 126.9(T) 107,9(1) 4.5(T) --
i/1¢ach v, 511-0.0721-0,0195C Recrystalhzed 70.3 (L) 70.3 (1) 41.0(L) -
1/16 inch 0.511-0.0721-0,619C Recrystallized 7.7 (T) 66,6 (T) 33.0(1) --
1/16 inch 0. 8Ti~0.07Zr-0.053C As rolicd 74,3 (L) 120,77 (L) 12.0(L) --
1716 10 0. 5T1-0.07Z1-0.05C As rollcd 147.3 (1) 124.4 (T) 4.9(T) -
1.16 inct 0, 5110, 07Z1-0,051C Stress rel:cved N2 5L} -- 0 (L) -
1,16 5% 0. 5T1-0,0721-0.051C Stress relieved 134.9{1) 211 (T) 16.0 (1) -
1/ 1 anch 0.5711-0.0721-0,35C Recrystaliized 65.9(L) Gi1(L) 0.5(L) -
/16 mnch 0. 5130, 07Z1-0.04C Recrysuallized 62.3(T) 59.8(T) 1.5(T) --
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TABLE A~78, ROOM-TEMPERATURE TENSILE PROPERTIES OF TZM ronX?

Tenstle Yield Etongation 1 Modulus
Thickness, Strenygth, Srenygth, 2 Inches, of Elasucaty,
inch 1000 ps1 1000 ps1 per cent 108 psi

0.002 120.5 107.9 3.8 34.6

0.00¢ 101, 7(L) 92.2 (L) 5.1 (L) 40,1 (L)
106, (1) 3B.v1y 3.8(T) 25,7(T)

0.010 120.8 102.8 8.7 41.0

———

(3) Averape daua from five tesis. Test rate .06+ wch per anch per minute 10 0.6 per cent
offsct. then 0,04 mch per inch per minute to failute, Analyses arc given below. (10}

Thckness, PPM

_meh . € 8B T Zt Fe Mo O XN H T ¥ X
0,002 290 45 4700 86w i5 Bal - .- - -- - ==
0.006 290 35 4300 20 v @ 9 2 o 70 10
0.01d 140 15 4550 £o6 15 Bat M4 S 2 100 70 20
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FIGURE A-117. RELATIONSHIP BETWEEN TENSILE STRENGTH AND
HARDNESS OF CLIMAX ARC-CAST TzM BAR(5)
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FIGURE A-119. EFFECT OF ROLLING REDUCTION ON THE ROOM-TEMPERATURE
TENSILE PROPERTIES OF STRESS-RELIEVED TZM SHEET(}1)

Test rate 0. 001 inch per inch per second to yield, and 0. 01 inch per
inch per second to fracture,
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TABLE 4-79. TENSILE PROPERTIES OF FORGED TZM AT 3000 F(}?)

Bad

Forging Forging Tensile Yield Strength ion ion 1n
Temp R Red Strength, (0.2% Oifser), tongation, in Arca, Width,
F pet cenu Condiuon(®) 1000 ps1 1000 psi per cent per cent per cent

1900 20 Rex 16,6 11.0 31 > vl 24
40 Rex 1.5 7.8 41 >160 36
S0 Rex 12,1 8.5 39 >100 32
0 Rex 13.2 8.5 37 >190 32
20 AF 2.5 9.6 33 ~100 Bt
40 AF 11,6 8.5 40 >100 43
50 AF 12,0 8.4 25 >100 20 .
70 AF 2.2 7.6 4 >100 48

1400 20 Rex 13.4 i1.9 34 >100 32
10 Rex 17.4 11.4 21 >100 23
50 Rex 11,3 9.4 10 20,6 8
60 Rex 12.7 99 36 >100 49
20 AF 12.8 11.4 2} >106 24
40 AF 12,6 8.4 29 >100 24
50 AF 2.7 10.0 35 >100 37

(2) Rex= recrystall
AF = as ferged.

12ed
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Camposition Tensile Yiela Reduction
Size,  (Salance Molybdenum), Tenp Strength,  Strength Eloagat inArea,
{och welght per ceat Ccadition F 1000 pel 1600 psl per cent per ceat
2od?)
172 0.44T4-0.07Z:-0.019C  As molled 2 .4 48.3 21 46
1/2 0.44T1-0.07Z¢-0.019C  Stress relieved 1600 2.6 8.7 15 "
172 0.44T1-0.0721-0.019C  Recrystallized 1600 2.5 8.5 36 87
5/8 0.46T1-0.074Z-0.017C  Stress relieved 1800 85.5 - 18
§/8 0.4671-0.074Z1-0.017C  Recrysullized 1800 41.7 17.9 35
11/16 0.49T1-0.0721-0.019C  Stress relieved 1800 76,1 66.3 18 66
11/18 0.4971-0,07Z1-0.019C  Strems relieved 1800 3 15.4 15 7.3
11/16 0,49T4-C.072:-0.019C  Sues relieved 2009 3.1 61.7 17 80.8
11/16 0.49T1-0.07Z:-0.019C  Stress relieved 2000 7.4 63.8 18 85.4
/8 0.46T§-0.0742:-0.019C  Stress relieved 2400 8.9 -- a 9%
5/8 0,46T1-0.07441-0.019C  Recrystallized 2400 2.4 .- €9 36
11/16 0,4971-0,072¢-0.019C  Stress relieved 2408 5.4 42,0 26 91.6
11/16 0.49T1-0.07:.t-0.013C  Stress relieved 2400 8.5 39.3 29 8.3
5/8 0.46T1-0,074Z:-0.019C  Rolled and swaged 3000 14,05 - LY 93
5/8 0.46T1-0,074Z -0.019C Rolled 20d swiged 3500 4.18 -- 66 9
Sheed )

1/16 0.5T4-0,07Z1-0.019C As rolled 1800 79.6 (L) - 5.0 (L) .-
1/16 0.5T1-0,072-0.019C As rolled 1800 84,5(T) -- 1.0(T) -
1/18 0.5T1-0.0721-0.04C As rolled 1800 9.8 (L) 43.401) 10.0 (1) -~
1/16 0.5T1-0.072Z1-0.04C As rolled 1800 83.3(T) $0.9(T) 1.5{T) --
1/16 0. 5T4-0.0721-0.013C Stress relieved 1800 79.8Q1) .- 4.0(L) .-
1/1€ €.5T11-0,07Z1-0.019C Stress relieved 1802 82.4(7) .- 9.0(T) .-
1/16 0.5T1-0.07Zt-0.054C Stress relicved 1830 8.4 (L) 52.0 (L) 10.0 (L) --
1/16 0, 5T1-0.07Z1-0.04C Stress relieved 1800 89.2(T) 4.1(T) 2.0(T) -
1/16 0.5T4-0.07Z¢-0.019C Recrystallized 1800 45.5(L) -- 18.0 (L) -
1/16 0. 5T1-0.07Z¢-0.013C Recrysuaitized 1800 41.6(7) -- 14.0(T) --
1716 0,5T4-0,07Z1-0.054C Recrystallized 1800 39.2(1) 5.0 (L) MH.0Q) -
1/16 0.5T1-0.072Z¢-0.054C Recrysuallized 1860 3.1 15.8(T) 12.0(T) -
/16 v.211-0,072:-0,019C Stes relieved 2400 32.3(L) .- 9.0U) .-
1/16 0, 5T1-0.072:-0.019C Stres relieved 2400 46.6(T) .- 13,0 (%) --

/16 0.5T1-0.0°21-6.054C Stress relieved 2400 21.9(L) .- 26.5(1.) -
1/16 0.5T4-0.07Z1-0.054C Sues relieved 2400 30.4(T) - 18.(T) -
i/16 0.5T1-0.0721-0.019C Recrysallized 2400 2.101) % X8 26.0(L) --
1716 0 5T4-0,072¢-0.019C Recrysuailized 2400 22.9(T) 10.6(T) 32.0(7) .-
1/16 0.5T1-0.07Z1-0.054C Recrysallized 2400 17.3() 10.6Q) 61.5(1) .-
1/16 0.5T1-0.07Z:-0.054C Recrysiatized 2400 20.3(T) 10.7(T) §1.0(T) --
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TENSILE-PROPERT'Y RECUIREMENTS FOR CLiM&X TYPE 1
ARC-CAST TZM SHEET AT 2200 F(3)(3)

Minimum Minimum
Tensile Minimum Yield Elongation in
Thickness, Suength, Suength (0.2% 1Inch,

inch 1000 psa Offser), 1000 pst per cent
0.010 to 0,025, incl. S0 25 5
Over 0,025 to 0.060, incl, 50 25 6
Over 0, 060 to 0.090, incl, 50 25 8
Over 0,090 to 0. 187, incl, S0 25 10

(3) Tested wansverse o the final rolling directions Type 1 sheet is cspecmly rccommended
where the highest room-tempetature and elevated P prop are req

TABLE A-82,

EFFECT OF TEMPERA TURE ON THE TENSILE PROPERTIES OF
SYLVANIA POWDER-METALLURGY TzM SHEET(1%)

Tensile Yield
Tempetature, Steength, Steength, Elongation,
F 10£0 psi 1000 251 per cent
0.060 Inch(3)

RT 131 117 14

128 113 >10

2400 54 48 12

61 53 7

3000 9 61

10 8 59

0. 040 Inch
2400 65 59 6
2 68 7
(a) Annealed 1 hour a1 2730 F,
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TABLE A-83. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF
STRESS-RELIEVED TZM SHEET (0,045 INCH)(3X14)
Yield Strength Elongation 1n
Temperatuz, Tensile dteength, (C.2% Offse), 3/4 Inch,
F 1000 pst 1000 ps: per cent

RT 124, 5 113.5 15

43,5 129,9 12,5

1000 92.1 85,5 6,2

92.4 86.8 1.5

1600 83.1 70.6 5,0

8.5 -- 11,2

2200 5.6 47.1 10,6

43.6 34.0 2.5

2500 1. 13.6 48,8

26.6 15,0

(a) Stress telicved 1 hour at 2200 £, Test rate 0,005 inch per inch per minute to yield,
then 0.03 inch per inch per minute 1o fracture. Nominal carbon c..atent 0,04 per

cent,
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TABLE A-84. SUMMARY OF IMPORTANT CONVERSION VARIABLES FOR TZM

SHEET DATA PRESENTED IN TABLE A-86

Converaon Vanablec

Reduction
Irigal Final Number  After Last
Relling Rolling Imcr-  Recrystal- Shect

Shect Forging Temperature, Temperature, mediate  hizauon, Thickness, Heat<] reat Hardness b).
Ideruty  Techn.ques : F Anneals  per cemt inch Condtion(®! DPH
A-1 Upset 2460 1830 3 65 0.080 Stress reheved 290
A-2 Upsct 2460 1830 3 65 0.080 Recrystallized 196
A-3 Upset 2460 1830 S 65 0,088 As-rolled 287
B-1 Upset 2460 2100 3 82 0.040 Stress relieved 368
8-2 Upsct 2460 2100 3 82 J.040 Recrystallized 195
B-3 Upset 246v 2100 3 2 0.030 As-rolled 301
C-1 Bust & Draw 2460 2400 4 20 0. 120 Stiess rehieved 242
Cc-2 Bust & Draw 2180 2460 4 20 0. 120 Recrystathized 229
c-2 Bust & Draw 2460 2460 4 20 0. 120 As-rolled 247
c-4 Bust & Draw 2460 2460 4 i3 0.040 Stress reeved 292
Cc-5 Bust % Draw 2460 2400 4 i3 0.040 Recrystalized 216
b-1 Bus« & Draw 2900 2900 1 - 0.080 As-rolled 299
D-2a Bust & Draw 2900 2100 2 17 2,120 Stiess rehieved 261
D-2b Bust & Draw 2300 2100 3 65 0,080 Stress relieved 291
D-2¢ Bust & Draw 2900 2100 2 82 0.040 Stress reheved 301
EH-1 Bust & Draw 2100 2100 2 34 0.088 Stress rehieved 325
EH-2 Bust & Draw 2100 2100 2 9 0.040 Stress relieved 324
EH-3 Bust & Draw 2100 2100 2 o $.5040 Recrystallized 201
EGA Bust & Draw 2900 2100 e 67 0,053 Stress rehieved 298
EGB Bust & Draw 2900 2100 4 vl 9,078 Stress relieved 279
EGC Bust & Draw 2300 2100 2 42 ¢, 117 Stress rehieved 278
EGX Bust & Drew 2906 -- 1 92 0.030 Stress reireved 314

{a) Stress rehicved 1 hr at 1906 F 1n hydiogen.

(b) 1000-gram load.

TABLE A-83,

PRESENTED IN TABLE A-86

Recrystallized 1 hr at 2525 £ 1n hydrogen

INTERSTITIAL ANALYSES FOR TZM SHEET DATA

Gas Cortents (ppm)

Sheet
Idcnnty Oxygen Hydrogen Nitrogen
A=l 16,0 6.9 10
B-1 257.0 0.8 13
-1 5.7 0.5 25
C-1 .5 4.3 15
D-i 62,0 1.3 9
b-2¢ 2.8 0.5 9
£GA 36.0 0.5 1
EGX 4.3 3.6 12
EH-1 5.5 6.1 9
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TABLE A-86, EFFECT OF TEMPERATURE ON THE TENSILE PROPEWTIES OF TZM SHEET{3)(1D)

Tensile vield Strength Elongauon in Modulus of
Sheet Temperature, Suength, (0.2%Offset), 1. 5Inches, Elasucity,
Identty F 1000 pst 1000 psy per cent 106 psy
Scries A
Al RT 1274 109.9 20 39.0
A-1 24,0 110,2 21 37.0
A-2 86.0 -- -- 38.0
A2 85.9 8.2 -- 40.0
A-3 139.8 1214 16 39.¢
A-3 140.8 121.0 11 38.0
A-l 1000 80,5 72.0 7 33.0
A-2 40.6 2L 25 26.0
A-3 93.9 86.3 6 32.5
A-l 1506 76.1 69,5 4.5 36.0
A2 42,8 20,0 28 22.0
A=l 2000 67,1 60,5 4.5 28.0
A-l 69.0 031 [ 29.0
A-2 35.2 18.4 20 19.3
A-3 74.8 63,2 S 29.0
A-1 2500 24,4 12,6 18 18,5
A-2 26,6 16.¢ 18 16.4
A-1 3000 14,7 7.y 24 10,0
A-1 13,0 6.9 25 8.9
A2 12,0 7.5 27 1.3
A-3 14.0 10.0 93 -
Scrics B

B=] RT 132.2 108.4 16 42.4
B-1 131.2 110,90 17 41.3
g-1(b) 146,0 128.0 15 40,0
B-1() 14,0 132.0 4 40.0
B-2 96,1 T2.5 19 43,3
By 9.0 69.8 1 41,3
B-3 152.5 122.8 13 41,3
B-3 136, 1 118.3 17 45,4
B-1 1000 95,8 £6.0 a.d 39.5
B~1 96.2 85.0 ] 38,0
B-2 £0.3 4.5 24 37.6
B-3 103.6 95.8 2.5 38.7
B-1 1500 38.8 82,1 2 35.0
B-1 89.7 81,0 3 38.0
B-1 94.0 88,5 3.0 49.0
B-2 45.0 23.9 17 35.0
B-2 37,5 20.0 16 36,0
B-3 B 69.0 3.5 35.0
B-3 90,2 83,9 4 38.0
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TABLE A-86, (Continued)

Tensile Yield Strength longation in Modulus of
Shect Temperature, Strength, {0,2% Offser), 1, 5 Inches, Elasucity,
Identty E 1000 pst 1090 psy per cent 106 psf

Sernes B (Continued)

B-1 2000 74,6 68.9 4 29,0
1D 85.2 7.1 4 31.0
B-1(b) 78,0 ¢8.3 5 30.0
B-2 33.0 21.0 14 22,0
B-3 71.2 61.0 5.5 24.0
B-1 2500 35.2 28.8 10 22.5
B-1 27.0 19.5 12 20.0
2-2 25.0 16.8 20 8.5
B-2 25.0 17.1 16 22.0
B-3 35.0 32.0 18 17.3
B-3 52.8 39,0 5 19.0
B-1 3900 14.0 8.7 24 13,6
B-1 13.2 8.5 34 14.0
B-2 16.0 1.1 21 12,3
B-3 13.1 8.0 23 10,0
Senes C
c-1 RT 107.0 -- 3 43.1
c-1 105.0 92,6 8 4.3
c-2 75.0 -- 2 41,0
G2 84.0 79.1 1 45,7
c-3 111.0 2.0 10 41.8
c-3 110.0 91.3 1 4.9
C-4 125.0 102,90 20 46.1
C-4 128.0 105.0 15 43.6
c-5 99.4 68,1 27 45.4
C-5 102, 0 718 -- 40.2
C-1 1000 61,5 §7.0 2 40.0
Cc-2 58,0 50.8 14 37.0
G-3 74.8 3.1 8.7 36.0
C-4 89,3 82.2 4 39.0
c-5 45,0 20,8 20 36.0
c-1 1500 56.2 N8 113 35,5
c-2 52,0 46,2 12,7 34.0
C-4 82.7 76.0 5 37.5
C-5 43.9 22.5 21 32,8
c-1 2000 48.4 45,5 z 30.0
c-2 45.0 40.3 13.3 29.5
c-2 56,1 5.1 13 23.7
C-4 68.9 61.8 4,6 31.0

c-5 38.3 21.2 26 30.0
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TABLE A-86, (Contnued)

Tensile Yield Strength Elongation i~ Modulus of
Sheet Temperature, Strength, (0. 2% Offset), 1. £ Inches, Elasticity,
1denuty F 1000 psi 1000 psi per cent 106 pst

Series C . Zonunued)

Cc-1 2500 38.0 34,6 14.7 28.0
Cc-1 39.4 35.7 183 28.0
Cc-2 36.8 32,2 14.1 24,0
c-3 33.0 33.0 -- 21,2
c-3 43.2 42,0 13 29.5
Cc-4 25.8 15.8 16,7 26,0
C-5 27,1 16,2 20 24,8
C-1 3000 11.3 12,0 20 10,5
c-2 17.0 10,9 24 14,5
c-3 18.6 14,4 19 12,5
c-4 15.0 8.1 25 16.0
c-5 18.8 11.5 19 12.8
Senes D
D-1 RT 122.0 119,0 1.3 42.0
D-1 22,0 118,0 -- 40.0
D-2a 120, 0 118.5 2 45,6
D-2a 122, 0 106.0 19.0 317.0
D-2b 124, 5 110.0 19.0 42.5
D-2b(b) 134,0 125,5 10.0 39.8
p-2b(®) 137.0 122,0 17.0 39.8
D-2¢ 132.6 118.0 17.0 42,0
D-2¢ 132.0 117.0 15.0 42.0
p-1 1000 76,9 1.5 1.3 36.0
D-2a 83.5 8.0 .2 39.0
D~2b 84.0 76.0 8.3 33.0
D-2c 91.0 82,0 6.0 33.5
D-1 1500 71.9 76.9 4.3 30.5
D-1 75.0 2.0 5.1 30,5
D-2a 79.4 14 1 9.3 30.8
D-2b 78.2 2.0 8.3 32.0
D-2¢ 84,7 18.0 4.0 35.0
D-2¢ 85.5 79.0 3.3 32,0
D-1 2000 63.17 60.9 6.7 26.0
D-1 65.0 60.5 5.0 29.0
p-2a 67.2 63.2 8.0 28.0
D-2b 66.3 60.0 8.0 30,0
D-2¢ 74,7 61.3 5.0 30.0
D-2¢ 3.0 67.0 9.3 26.5
D-1 2500 50.0 44,1 6.7 25,0
D-1 43.2 44,1 7.3 24.0
D-1 50.0 44,2 7.3 24.5
D-2a 55.8 51.8 10.0 24,2
D-2b 48.5 41.6 9.7 24.5

D-2b 48.2 42,1 10.6 24.0
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TABLE A-36, (Conunued)

Tensile Yield Streagth Elongation in Modulus of
Sheet Temperature, Strength, (0. 2% Offser), 1, § Inches, Elasucity,
Idenuty F 1000 pss 1006 ps1 per cent 166 i
Sertes D (Continued)
D-2¢ 2500 30.0 ?1.8 22,0 24.0
B-2¢ 4,2 46.3 5.8 23.0
D-2¢ 43.0 36.2 7.3 21.0
D-1 3000 15,8 9.4 15 9.2
D-1 14.6 3.0 14 12,9
D-2a i7,0 10,5 e 9.8
D-2b 15,6 9.6 14 13.5
D-2¢ 15.3 9.4 13,8 14.2
D-2¢ 15.0 9.1 14.3 13,1
Series EH
EH-1 RT 143.0 124.90 IE 39.9
EH-1 142,0 123.0 20 4.0
EH-i 144,0 125.0 19 40.5
EH-2 160,0 151.0 9 40.5
Bi-2 183.0 136.0 L 37.3
Er-3 14,0 3L.0 30 40.0
EH-3 100, 0 78.0 27 40.5
821-1 190¢ 105.0 94.0 6.7 38.5
EH-2 120.¢ 110.0 2.7 39.0
EH-3 b2 1 27,6 21.3 37.8
EH-1 1500 93.0 86.4 6.7 31.0
EH-2 102,0 94.7 3.3 33.9
EH-3 41.9 25,5 23.3 28.0
EH-1 2300 81.8 74.5 6.0 24.0
EH-1 88.5 81.9 6.0 26.0
EH-2 88.3 6.2 3.1 28.0
EH-? £8.2 8.0 3.8 24,0
EH-3 41.0 24.9 15.3 23.6
EH-3 40.8 25.0 13.4 24.4
EH~) 2500 58.9 50.4 7.3 17.3
-1 41.0 34.8 9.3 15.0
EH-2 47,9 40.9 3.3 15.5
el 2 5,5 41.9 5.3 15.8
EH-3 25.3 lo.8 16,0 14.0
B-3 22,0 13.5 18.6 13.3
EH-1] 3¢50 14.4 8.9 27,3 11,0
EH-1 4.0 5.5 26,7 1.2
EH-2 16.4 10.1 5.9 6.5
EH-3 12,8 8.2 23 6.5
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TABLE A-86. (Conunued)
Tensile Yield Strength Elongauon in Modulus of
Sheet Temperature, Strength, (0. 2% Offset), 1. 5 Inches, Elasticity,
Identity F 1000 ps: 1000 ps1 per cent 108 psi
senes EG
EGA RT 132.0 117,90 13 38.7
EGA 132.0 118.0 12 40.0
EGB 127.0 112.¢ - 39.1
£Cs 126.0 110.0 15 4C.0
EGC 123.0 167.5 1.0 --
EGA 1000 92,7 83.8 8.3 37.9
EGB 90,0 83.0 7.5 32.0
EGA 1500 85.0 8.8 4 32.1
EGB 18.8 74.0 7 26.0
EGC 80.2 78.0 93 34.0
EGA 2000 13.0 66.3 4 26.0
EGA 86.1 80.1 3.9 25,1
EGB 76.2 0.9 7 26.5
EGC 12.5 68.0 6 28.0
EGA 2500 60,8 52.8 5.3 15.6
EGA 56,0 1475 5.2 4.0
EGB 63.9 56.4 S 21.8
EGC 37.8 33.0 12 20.3
EGA 3000 15,0 9.4 26 6.
EGR 15,2 9.0 20 11,0
Scries EGX
EGX RT 136.0 122.0 i3 40,0
139.0 124.0 14 40.2
142.0 126.0 12 31.8
146.0 130.0 16 40,5
142.0 128.0 13 40.0
1430.0 125.0 14 40.5
EGX 1000 101,0 93.1 3.3 37,2
99.8 91.0 3.3 39.0
©’X 1300 95,9 89,0 2.7 34.0
92.0 86.6 3.0 35.0
EGX 2000 71.3 66.3 3.1 25.7
82.5 75.0 3,7 28,2
80.0 73.9 2.8 26,0
80.¢ 3.9 3.0 28.R
EGX 2500 51,0 45.2 3.9 16,4
§9.5 52.0 3.8 .9
$1.3 51.4 3.3 19,0
46.5 41,4 4.5 1.2
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TABLE A-86, (Continued)

Tensile Yield Suength Elongation 1n Modutus of
Sheet Temperature, Strength, (0. 2% Offset), 1. Sinches, Elasticity,
Identity F 1000 psi 1580 pai per cent 106 s
Scries EGX (Continued)
EGX 3000 16.5 S.u 24.7 6.6
15,2 8.9 25.3 8.9

(a) Test Condinions:

Atmosphere Atgon-7% hydrogen
Hold Time at Temperature 5 min

Strain Rate to YS
Strain Rate From YS to UTS
Method of Heating

0,001 in. /1n. /sec
0.01 in. in./sec
Resistance

(b) Transverse.
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Series A

Ro!l ot 2460 F to 0.500n
Annecl at 2900 F for | hr
Roli to 0.227 in ot 1830 F

D /— 0.225/0232 in Q

Forged Slab annealed for < 312

. Hot shear
Hhr ot 2900 F Anneal at 2900 F for L hr

Sin 9n 9 in
L)L /LY
< < <

X-roliat 1830 F

Recrystallized at
2500 to 2550 F

0080 in / /0.080 in : 0.080 in /
< < <
for Lhr

Stress relieved at As rolled Stress relieved at
1920 F for ! hr 1920 F for | hr
A-46012

FIGURE A-121, FABRICATION HISTORY FOR TZM SHEET FOR WHICH
DATA ARE PRESENTED IN TABLE B-6-15




Series B

Roll at 2460 F to 0500 in
Anneal ot 2800 F “or 1 hr
Roll t0 0225 in at 2100 F 32 174 n

b (F’cx?eo/o 228 n Q

Forged siab 2nnealed _ Hot sheor
ot 2900 F for | hr <>9in L39in L$39n

L[ _J[ ]

Anneal at 2900 F for | br
X-roll at 2100 F

< < <

ayaN /B
/71 // 7/

Stress rel:eved ot

1920 F for I hr . -2

Recrystallized | hr 2500F 02550 F

Recrystailized at

Stress relieved ot As rolled
1920 F for 1hr A-46015

FIGURE A-121, (CONTINUED)




Series C

C 419/042
l
Roll of D 0 /0422 1n
2460F
Hot-forged bar <> Cut nto 3 pieces anneal at 2900 F for 1 hr

unnealed ot 2900 F Dars
for | hr —_— 0.220 Il at 2460 F
10422 ;D [ n Roll at 2
L
04—'9 [> 0.220 Roll at 2460 F
0422 . n oll at

04|9 ]

D 0220 n Roll at 2460 F
Lozzom ] / 0.2201n ? / 0220in. y
¢ 4 ¥/

X-roli ot 2460 F
Anneal at 2900 F for | hr at 0.150 in thick

Rolled to size at 2460 F

<
0120:1n 01201
(o]
Stress relieved o Roll to O 040:
ot 1920 F for I hr ut 2460 F
a '?0 0040 m

£ lled
0 120 n 0'645 ;— .{) I piece of C-3
Cc-2 as rolled

Recrystallized ot 2500 C-4 stress relieved
to 2550 F for I tr c-5 recrystolhzed 6t I920°F for | hr
at 2500 10 2550 F A 46083
for | hr

FIGURE .-121. (CONTINUED)
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Series D

29 172 .

D- , Rol! at 0.241/0.250 .
2900 F D-1
ﬂ Roll at 2900 F_
to 172 in f 0.226/0.229 i, 7

2 pieces het forged 0-2
bar annealed at
2900F for | hr

L~

Roll D-2 from /2 to 0226/0229 n. at 2100 F
Hot shear 2 pieces of D-1

13 172 in 12 174 in.

241/0 250 in .7 /o 241/0250m/7

Hot sheor 3 pieces of D-2
anneal ot 2900 F for | hr

/ / 2 /2w 9in 9in
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FIGURE A-121. (CONTINUED)
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FIGURE .-121, (CONTINUED)
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TABLE A-87. ROOM-TEMPERATURE NOTCHED TENSILE PROPELTIES
OF STRESS-RELIEVED TZM SHEET(2)(14)

Notched Notched Tensile

Notch Notch Sheet Tensile Elongation in  Strength/Unnotched
Radius, Width, Thickness, Strength, 3/4 Inch, Tensile Suength
inch inch inch Kt 1600 psi per cent Ratio

0,013 0.384 0.044 4.1 142.0 1.2 1.06
0.013 0.385 0.044 4.1 139.0(0) -- -

0.003 0.417 0,054 8.3 136.0 3.0 101

0.002 0.411 0.054 8.3 135.5 2.0 1.0

(a) Suecss reheved 1 hour at 2200 F, Test rate 0,005 .nch per inch per mrnute to yselding, then 0,03 inch
per inch per minute to fracture. Nomnal carbon content 0,04 per cent,
(b) Fractute cccurred 1n loading pinhole.

TABLE A-88, STRESS-RUPTURE DATA FOR STRESS-RELIEVED AND RECRYSTALLIZED
TZM SHEET (1/16 INCH) AT 1800 F(a)(8)

Swess, 1000 psi, to Produce Rupture

Condition 1 Hou; 10 Hours 160 Hours
Stress rehieved 1 hour at 2200 F 73.0 67.0 60, &
Recrystallized 1 hour at 2650 F 46.0 40.0 35.0

(a) Carbon content 0,019 per cent,

TABLE A-§9, CREEP AND STRESS-RUPTURE PROPERTIES OF STRESS -RELIEVED AND
RECRYSTALLIZED TZM AT 1800 AND 2400 (318

Rupture Reduction
Tempcrature, Stress, Creep Rate, Time, Elongation, nArea,
Ceudition F 1000 pst per cent/hout hours per ctat per cent
Stress rehieved 1800 ]§, 0 0,34 11,0 16,0 74.0
80,0 0.08 65,3 17.3 75.3
2400 35,0 1.50 2,6 <6, 1 81.9
27.0 0.44 4.0 27.9 89.9
Recnystallized 1300 10,0 0.005 334.1(9 8.4 -
35.0 0.004 470,60 3.7 -
2400 26,6 0.90 15.0 41,7 92,3
16.0 0.46 32.9 37.0 86.8

(3) Analyses 0,46% 14, 0,08% Zr, and 0,08% C.
(b) Test discontinued.

e —— ——_— -
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TABLE A-90, CREEP AND STRESS-RUPTURE PROPERTIES OF CLIMAX ARC-CAST
TZM BAR AND SHEET AT 1800 TO 3000 Ko

Minimum
Creep Rupturg Reduction
Tempesature,  Stress, Rate, Time, Eloogation, in Ares,
Matesis! Coaditon F 1000 pef percent/hr hous  percent per cent
Bar, 1/2-fnch dlameter  Stress relieved, 2200 F 180¢ k() 0,13 18.6 4 98
70 0.033 8.6 13 3
12 0.63 8.0 15 ki
ki 0.09 32.5 15 83
Rectystallized xn 0.005 2659 g -
© .- (b 35 93
40 2.5 1.5 29 90
40 0.037 51§ 25 66
45 - 0.1 35 92
Sheet, 1/16 inch otress relieved, 2200 F 65 0.13 20,0 € --
15 - 0.1 6 .-
Recrysullized 3 ot 3260 3 -
5 0.045 5.1 16 -
40 1.1 10.9 4 -
45 .- () 29 .-
Bas, 1/2-tnch dlameter  Stress relieved(© 2000 P 0,001 132.6 12 6
58 -- 3.2 3 1
€0 0.018 23.9 18 84
€5 - 6.2 25 46
Recrysuatlized 27 0,059 213.8 27 67
30 .- 119.6 k23 96
33 0.07 4.0 28 66
k7 .- 10.8 24 176
Bar, 1/2+inch diameter  Stress relieved, 2300 F 2400 14 -- 40,9 55 95
22 .- 10.1 25 96
32 - 3.5 21 88
Recrystallized 14 - 40,2 57 95
18 .- 26,3 40 9
20 - 16,1 66 97
Bar, 3/4-inch dameter  Recrysusilized 3000 3.5 0.07 24.0 89 99
5.0 2.2 3.95 o0 29

(2} Test discontinued.
(%) On loading.
(c) Firstand third tests ~ 2200 F; other two ~ 2300 F.

Note: The following stress-rupture strengths are derived from these data,

100-Hour Rupture Strength, 1000 psi

1800 2000 243 3000 F
Bar
Stress relieved 170 54 10E .
Recrystallized s 3o 10E 2.76(3)
Sheet
Stress rclieved 60E .- - -
Recrysuallized 35 - . .

(3) E - exugapolated on basis of available data.
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TABLE A-91, CREEP PROPERTIES OF TZM SHEET SERIES A-1(3 DX(1)

Loading Elongation in
Temperature, Stress, Stran, Time, sec, to Produce Indicated Plastic Creep 1.5 Inches,
F 1300 pst per cent .05% 0. %% 0. 5 1% 2% % pet cent
2000 55 0.2 1.5 123 1747 .- - - 8.7
2500 12 0,03 32 950 3600 -- .- -- 14,6
15 .87 .4 93 217 415 768 2120 24.0
3000 [ -~ 61 245 767 1094 1600 2978 24.7
7 2,07 i3 122 480 1126 1962 3540 247

(a) Fabncauon history, conversion vanables, and interstitial analyses for data presented 1n this table were given previously

(sce Fagure A-121 and Tables A-84 and A-85),
(b) 1est Condiions

Atmosplicre Argon-% hydrogen
Sheet Thickness 0,080 mch
Method of Heating Resistance
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TABLE A-93, HARDNESS SPECIFICATION FOR WROUGHT AND
RECRYSTALLIZED ARC-CAST TZM BARS(a(2)

Diameter, Hardness, DPH(b)
inches Minimum Maxunum
Wroupht
Over 13/32 w0 1/8 260 320
Over 1/8 w 1-1/¢ 250 310
Over 1-1/8 w 1-7/8 245 300
Over 1-7/8 10 2-7/8 240 €90
Over 2-7/8 10 3-1/2 235 286
Over 3-1/2 10 4-1/¢ 230 2R

Cver 13/32 10 4-1/2 -- 215

(a) Hardness determuncd at rmd-radius of har
(b} 10-kg load.

TADLE A-94, EFFECT OF TEMPERA'IURE ON THE HARDNESS
OF AS-CaST TZM(9)

Temperature,

Hardness,

F ppH(2)
80 i72
1600 82
2000 82
2200 80
2400 )
2600 5
2809 55
3000 38

{a) S5-kg load.
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TABLE A-95, BEND-TEST DATA FOR TZM SHEET (1/16 IvCH)(®)
Carhon Specimen Temperature, F, for Bend Angle
Ccentent, Oncnt:mon(a), Indicated Bcnd Angle at15F,
weignt per cent Condition degrees 10 Degrees 90 Deg degs
0.¢13 As rolled 0 9 16 140
Stress relieved 0 -6 -1 140
Recrystallized 0 91 101 0
As rolled 90 100 415 6
Stress relhieved 90 88 298 G
Recrystallized 90 %0 172 )
0,054 As rolled 0 =70 -16 138
Stiess relicved 0 E) 191 23
Recrystalhized 0 190 192 0
As rolled 90 -6 390 39
Stress relieved 90 35 97 2
Recrystalhized 30 205 208 0

(a) Onentation of long dimension with rolhng direction.

FIGURE A-133.
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4, Metallurgical Properties

a,

b.

d.

Fabricability: arc-cast billets can be successfully extruded at temperatures

Transition e

Weldabilaty:

from 2800 to 4000 F using reduction ratios of up to 8:1(12), the
most uniform, fine, hot-forged structure is produced in ex~
truded billets forged at 3000 to 3200 F{19), mold-out properties
have shown that U, 125~inch material is best produced from
extruded ingot and hot-forged sheet bar using rolling tempera-
tures of 2800 F(20); material can be rolled to thin strip (0. 040
inch) at 100 microns of pressure up to 2000 F and exposure
times of 15 to 45 minutes without contammation(ll);; recome
mended working ternperature after extrusion is illustrated in
Figure A-134

mperature: Table A-96

Figures A-135 and A-136

can be welded using fusion or resistance techmques; preheating
to 400 to 600 F 15 recommended; thorough chemical cleaning or
electroplating of surface to be )oined is ecsential, property
welded material 1s room-temperature ductile; welding character-
istics (less spatter, sounder weldments) are normally batter than
either those of nnalinyed malybhdenum or Mo-0, 5T - this is
thought to be associated with the combined gettering effects of
both titanium and zirconiumf(23

Stress-relief temperature: 1/4 to 1 hour at 2000 to 2300 F for bar and sheet

material(5,8)

Recrystallization temperature: Tables A~97 through A-100

Figures A-137 through A-142
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TABLE A-96.
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BEND-~ AND TENSILE-TRANSITION~TEMPERA TURE

RANGES FOR TZM BAR AND SHEET(S)

Transtuon-Temperature
Form Condition Range, F
Bend(®
Sheet, 0,040 inch Stress relieved <=100
Recrystallized (50%), 1/2 hour 2600 F 010 -25

Sheet, 0,015 1nch

Bar, 5/8-mnch round

Sheet, 1/16 inch

Recrystailized

Suess relieved

Recrystallized (50%), 1/2 hour 2500 F
Recrystailized

Tcnsile(b)

Stress relieved

Recrystalized

As rolled

Stress relieved, 2200 F
Recrystaltized

-25to =70

<~100
-15to -100
-25to0 ~75

-2t -12
-3 tc -12
431 to -45
+51 to -12

472 to <-60
=42 to =69
+29to0 -10

(a) 3T bend radius usiny a ram rate of about 10 inches per minute,
(t) Range comesponding to 20 and 80 per cent maximum clongation,
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Transiton  Temperature, F 48000

EFFECT OF ROLLING REDUCTION ON THE BEND-
TRANSITION TEMPERATURE OF TZM SHEET(! D)

Bend radius IT
Bending ratc 1 inch per minute
Minimum bend angle 90 degrees.
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TABLE A-97. HARDNESS AND RECRYS FALLIZATION OF FORGED TZM(X12)

Harduess and Per Cert Recrystalhizauon After 1~Hour

Forping Forged Exposure at Indicated Temperature
Reducuon, Hardness, 2800 F 3000 F 000 F 3400 F 3400 F
per cent DPH DPH [ DPH o DPH % DPH % DPH %
20 238 223 10 203 20 203 40 193 30 165 100
40 243 204 29 206 490 200 60 193 90 173 100
50 248 206 20 214 10 200 30 190 lov 176 100
7 243 200 40 220 50 197 T0 176 100 193 00
(a) Forued at 1900 F,
TABLE A-9%, INFLUENCE OF FORGINU T EMPERATURE AND FORGING REDUCTION
ON THE RECRYSTALLIZATION BEHAVIOR OF TZM(29)
Appronimate i-ilour Amealing
Ferging Temperatore for Recrystallizarion, F
Temperature, Reducuon, Recrystalhizauon Recrystallization
F per cunt Begus Conpletc
2200 20 2000 2800 '
60 2500 2700
2300 i -- 3606
30 SHC0 2800
60 .- 2700
2800 10 23400 3200
30 Lul0 3000
] .- 2700
3400 10 3000 3200
40 2800 3000
v0 270 2800
TABLE A-95, FFFECT OF ANNEALING TEMPERATURE ON RECRYSTALLIZATION
AND HARDNESS OF IZ\ SHEE1(1Y)
i-Hour Anncaling
Tewperature, Recrystallizaton, Hardness,
F pet cent VN !
As receved® 0 310
<2200 0 327
2400 50 232 .
2500 100 204
2600 100 206
2300 100 205

(a) Stuess reireved 1 hour a2 CU60 F,




TABLE A-100,

EFFECT OF EXPOSURE TIME AT 2200 F JN ARGON ON THE MICROSTRUCTURE

OF VARIOUS AS-ROLLED AND STRESS-RELIEVED TZM SHEET3(1D

Reduction

Sheet After Last

Thic.wness, Recrystalhzauon, sicrostructure After Exposure at Indicated Times
mch Conditen per cent 1 Hour 5 Hours 16 Hours 24 Hours
0,080 Stress reheved 65 ~————  No change
0.9080 As rolled 65 -———  No change
0.040 Stress reheved 82 = ———  No change - Slight recrystalnzauon
6,040 A< rolled 82 =~ ——— No change -~ Shyht recrystalhzauon
U, 12y Stress relhieved 20 <—————  Nachange
0.120 As 1olled 20 ~———— Nochange
0.040 Stress relieved 3 <—— - Nochange —— ——  Slight recrystathzation
0,080 As rolled - Nochange  Shyght recrystallizauon, sull cold-worked structure
0.120 Stress rehieved 47 No change
0,08¢ Jizess relieved 65 No change
0,040 Stress reheved 82 <+———— Nochange —————-—= Shght recrysizllizanon
0.08¢ Stress reheved 8 ~——— Nochange ~—-————e Shght rccrystalization
0,040 Stress relicved 93 —~———=— Nochange Very shght Nouceable

recrystalhzauen recrystallizanon

0,003 Stress reheved 67 ~——=— Nochange ———————= Very hight recrataihzauon
0,078 Stress relieved 61 ~————  No change
0. 117 Stress reheved A2 <~————  No change
0.040 Stress reheved 92 ~——— Nochange Very shght Nouccable

tecrysialhzauon

reenstaliizauon
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FIGURE A-139. RECRYSTALLIZATION EEHAVIOR OF WROUGHT TZM BARS !
REDUCED 50 PER CENT OR MORE BY ROLLING OR
FORGING BELOW THE RECRYSTALLIZATION
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o Rolied at 2200 F

RECRYSTALLIZATION BEHAVIOR AS A FUNCTION OF TIME
AND TEMPERATURE FOR TZM PARS ROLLED TO
INDICATED REDUCTIONS(24)

Analyses 0. 49%

U, 0.027% Zr, and 0.031% C,
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Mo-1.2T1-0,252r~0.15C

Identification of Material

2. Designation: TZC

b. Chemical composition: Mo-1.2T1-0,25Zr~0,15C

c. Forms available: ingot and fabricated shapes on a best-efforts basis

Physical Properties

a. Density: 0.363 1b/in.3 (calculated)

Mechanmcal Properties

a. Tensile Properties at Room Temperature
Ultimate tensile strength: Table A-101
Tensile yield strength: Table A-101
Elongation: Table A-101
Reduction in area: Table A-101

b, Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-102 through A-104
Figures A-143 through A-146

Tensile yieid strength: Table A-102
Figures A~143 and A-144

Elongation: Table A-102
Figuras A-143 through A-145

Reduction in area: Table A-102
c. Creep and Stress-Rupture Properties

Tables A~105 through A-108
Figure A-147

d. Other Selected Mechanical Properties

Bend ductility: Figures A-148 through A-150




TABLE A-101, ROOM-TEMPERATURE TESILE PROPERTIES CF TZC BAR AND SHEET

Temsile Yield Reduction
Strength, Strength, Eloagation, 1 Area,
Conditon 1000 p3s 1000 psy per cent per cent
far{aX?)
Stress rehieved, 1 hour 200 F 143,85 104,8(9) 22 36,0
vecr: stallized, 1 hour 5400 F 84.9 52,3(c) 8 8.6
sheet (v, 040 Inen)(4X2)
Stress relieved, 288 VHN 112,9(T) 104,6(T) 22(T) 34 (T)
heet (0, 045 Tnch)(€X3)
Stress rehieved 128.9 (L) 124,7 (L) o) --
Stress relieved 39,3(T) -- 0{T) .-
CR, Stress rehieved 154.8 (L) 1340 (L) 0, 1(L) --
CR, Stress relieved 39.4(T) -- 0 -

(a) Test rate 0, 0005 inch pet inch per mnuse through yielding, then 0,01 inct per inch per minute to
fracture, Analyses 1,23% T1, 0.27% Zr, and 0, 14% C.

(t) 0.1 per cent offset,
(c) Drop in load yreld strength,

(d) Analyses 1.12% T1, 0,13% 4r, and 0.131% C.
(c) Stress reheved 1 hour at 2200 F, Analyses i.35% T1, 0,15% Zr, and 0.13% C,
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TABLE A-102, TENSILE PROPERTIES OF TZC BAR AND SHEET AT 1800 TO 2400 F

e—

——

Tenstle Yield Peduction
Temperature, Strength, Strength, Elongation, 1 Area,
Condition F 1000 psi 1000 pst per cent per cent
garf2X1)
Stess rehieved, 1 hour 2200 F 1800 91,9 64,6(b) 11,5 1.8
2400 63,6 41,5(b) 26 86,9
Recrystatlized, 1 hour 3400 F 1800 67.4 17,(b) 21,5 113
2400 57.1 17,3(b) 36 17,8
Sheet (0, 070 Inchy{cX2)
Stress relieved 1800 65,0 55,0 8,5 .-
Stress reheved 2000 0.2 (L) U, 4 (L) JUTTS)
Stress relieved 2000 61,1 (T) -- 6(T) .
Stress relieved 2200 49,0 (L) 41,0 (L) 11 (L) --
Stress relieved 2200 53,4 (T) 42,5 (T) 8(T) -
Sheet (0, 045 Inch)dX3)
Strese rehieved 2000 162, 1 (L) 91,5 (L) 14,5 (L) -
Stress rehicved 2000 110,5 (T) 96,0(T) 2.8(T) -
CR, Stress relieved 2000 98,0 (L) 90,5 (L) 10,2 (L) .-
CR, Stess relieved 2000 109, 9 (T) 93,0 (T) 8,3(T -
Suess reheved 2200 62.8 52,4 5,8 .-
CR, Stess telieved 2200 14,9 (L) 60,9 (L) 4,8 (L) ..
CR, Stress relieved 2200 75.1(T) 49,2(T) 10,8 (T) =-

(a) Testiate §, 0UDS inch per inch per minute througn yieiaing, then 0,01 inch per inch per 11inute to fracture,
Analyses 1,23% T1, 0.27% Zr, and 0,14% C,

(b) 0.1 per cent offset,

(c) Anaiyses 1,12% Ti, 0,13% Zr, and 0, 13:% C.
(d) Stress relieved 1 hour at 2200 F, Analyses 1,35% T1, 0, 15% Zr, and 0.13% C.
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TABLE A- 03, EFFECT OF COMPOSITION, STRUCTURAL COND;iTION, AND TEMPERATURE ON THE TENSILE STRENGTH OF
CLIMAX ARC-CAST Tzc(4)

Composition,

weight per cent

Struciural Condation

Relled Size,

Tensile Strength, 1000 ps1, at Indicated Temperature

T: Zr C Prior to Final Rolling nch RT 1€00 F 2200 F 2400 F 3000 F 3500 F
1,25 0,20 0,054 n2crystallized 172 round 149,8  9v.4 -- Sb, " 13,7 --
1.25 0,32 0,058 Recrysiallized Diito - - 71,2 .- 13,8 --
1,25 0,32 0,058 Soln, weated N -- - 94,9 - 30,2 .-
1,25 0,32 0,958 Soln, treated and aged " - .- 96,2 -- 17.5 --
1,20 0,13 0,097 Recrystalhized - 147.0 98,9 -- 58,0 13.4 -
1,30 0,29 0,12 Reerystailized " -- -- 76,1 .- 13.7 -
1,30 0,2 0,12 Soln, treated -- -- - 18,¢ .-
1,30 0,29 0,12 Soln, treated and aged - -- - 89,3 - -- -
.24 0,31 0,13 Recrystalhized 5/8 round - 66,1 -- 51.4 -- -
1,29 0,15 0,13 Ditto 0,012 shcer 12,9 -~ -- 49,2 10,4 -
1,29 0,15 0.i3 0,020 sheet 329,4 -~ - 48,6 10,6 -

W22 e.27 C.14 1/2 round 143,6 91,9 o= 63,6 12,7 6.5
1,17 0,27 0,15 " 0, 050 sheet 1564 .- - 51,8 -- --
1,45 0,81 0,20 Soln, wreated and aged 1/¢ round - - -- -- 24,9 .-
1,22 0,31 0.23 Recrystallized 3/8 round 125,1 76,1 == 58.2 - .-
1,217 0,29 0,30 Recrystathized 1/2 round 120,6 9L .- 60,8 - i

TABLE A-104, EFFECT OF COMPOSITION AND TEMPERATURE ON THE TENSILE STRENGTH OF CLIMAX

ARC-CAST TZC(3)()

Composition,

weight per cent Rolled Siz¢, R Tensuc Strength, 1000 psi, at Indicated Tempetdture
Ti 2r C anch RT 1860 F 2200 F 2400 F 3000 F 3500 F
114 0,32 0,014 1/2 round .. 40,7 -- -- .- -
1.25 0,20 0,064 Ditto 92,1 €2.3 -- 29,1 13,4 --
1,25 8,20 0,054 : - .- - .- 24, 5(b) -
1,23 0,32 0,058 -- -- 33,0 .- 13,6 --
1,25 0,32 0,058 -- -- 44,0() -- 24,2(9) -
1,23 0,13 0,097 - 64,9 62, ¢ - 30,9 14,2 --
1,23 0.13 0,097 i -- -- -- .- .6, 3(b) --
1,30 0,29 0,12 N .- -- 36,4 =- 13,3 -
1.30 0.29 0,12 -- -- 56, 6(¢) -- 33, 1) --
1, & 0,31 0,13 5/8 round - 65,6 -- 63.5 -- -
1,29 .15 0,18 0, 012 sheet 65,4 -- .- $1,2 1, -~
L2 e, 15 0,13 0, 020 sheet 76,0 -- -- 5.4 16,8 --
1,8 0,27 0,14 1/2 round 84,9 67,4 -- 57,1 18,5 10,1
L,17 0,2 0,15 0, 050 sheet 99,6 -- .- 1.4 i1,5 - ]
1,17 0,27 0,15 0. 050 sheet -- -- - - 19, 2(b) --
1,22 0,31 0,23 5/3 round 79,4 6.8 - 61.5 -- --
1,27 0,2 0,30 1/2 round 87.0 61.4 - 46.0 -- -

(a3 Recrystallized prior 1 final rolling.
(1) Solutien treated after rolling.
{c} Solution treated and . ged fter rolling,
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LOW-TEMPERATURE TENS.LE PROPERTIES OF TRANSVERSE

STRESS-RELIEVED AND RECRYSTALLIZED TZC SHEET
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TABLE A-195, CREEP AND STRESS-RUPTUPE PROPERTIES OF TZC BAR AT 1800 AND 2400 F(2X1}

Rupture Reduction

Temperature, Stress, Minimum Creep Rate, Trme, Elongation, in Area,

Condition F 1000 psi par ceat/hour hours per cent _per cent
Suess rehieved, 1 hour 2200 F 1800 75,0 1,12 2,2 20 75.5
€9,0 -- 45,4 20 79,8
2400 35,6 1,39 3.3 34 88,0
Recrystalhized, 1 hour 3400 F 1800 S, 0 - 170, 5(b) 9 7.9
53,0 -- 92,7(b) 3 6.3
2400 42,0 0,023 35,3 38 83,0
27.0 - 1516 1 0.4

(a) Analyses 1.23% T1, 0.27% Zr, and 0.14% C.
{U) Tost ducvnuued,

TABLE A-106, 1- AND 10-HOUR RUPTURE STRENGTHS OF TZC BAR AT
1800 AND 2400 F(aX1)

Stress, 1000 psi, to
Temperature, Produce Rupture

Condition F 1 Hour 10 Hours
Stress relieved, 1 hour 2200 F 1800 6.7 72,9
2400 42,0 29,0
Recrystallized, 1 hour 3400 F 1800 65,0 60,0
2400 50,0 38.5

(a) Analyses 1,23% Ty, 0,27%% Zr, and 0. % C.
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TABLE A-107, STRESS-RUPTURE PROPERTIES OF STRESS-RELIEVED TZC AT 2200 AND 2500 F(%)

Rupture Reduction
Temperature, Stress, Time, Elongation, in Area,
F 1000 ps1 hours per cent per cent

1.2% T1, 0.13% 2r, and 0.13% C

2200 32,0 30,3 24,0 3.0
30,0 40,6 27,0 82,0
27,0 78.2 21.5 83.0
25,0 179,0 13,0 46.0
20,0 322,0 20,0 79.0
2500 20,0 10,8 24,0 7.6
17,0 67,0 23,0 70,0

125 T1, 0.15% Zr, and 0,15% C

2200 20,0 1000+ 5.0 --
25,0 231,0 iz,2 -
30,0 69,0 18.8 --
39,V b, Y 13,7 --
2500 17.0 108.8 20,0 -

TABLE A-108, EFFECT OF COMPOSITION AND TEMPERATURE ON THE STRESS-RUPTURE PROPERTIES OF
CLIMAX ARC-CAST TZG(3)(4)

Stress, 1000 psi, to Produce Rupture 1n

Composition, 13 Hours at Indicated Temperauae, F
weight per cent Roiled Size, Stress Relieved Rectystallized

Tr 2r C inch 1800 2409 1800 2200 2400 3000
1,30 0,29 9,12 1/2round -- - - 50, ob) - 11.50)
1,24 0,31 0,13 5/8 round 60,0 37.0 52,0 -- 39,5 --
1,23 0,27 0,15 1/ round 72,0 29,0 60,0 .- 38,5 --
L7 0,27 0,14 0,059 sheet -- 21,0 - -~ 18,5 6.9
1,22 0,31 0,23 5/8 round 63,9 48,0 >58.0 - 46,0 -~
w1 0,29 9,30 1/2 round 67,0 41,5 56.0 - 32,0 --
Liongation, per cent 8-20 13-34 10-08 12-18 7-53 16-92

(a) Recrystallized prior to final rolling.
(b) Selution trcated and aged after rolling.
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Legend
Sheet Condition Ten.perature, F
0 4053-H Str rel 2400
100 4053-H Recryst 2400
4053 -H Recryst 3000
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FIGURE A-147. STRESS-RUPTURE BEHAVIOR OF STRESS-RELJZVED AND
RECRYSTALLIZED TZC SHEET AT 2400 AND 3000 F(5)

4053-1, sheet rolled 1n air *vith a relatav ely low fimshing
temperature,

4053-H sheet rolled in air with a relatively hagh fimshing
temperature,

Analyses 1. 17% T, 0.27% Zr, and 0, 15% C.
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BEND-DUCTILITY BEHAVIOR OF STRESS-RELIEVED AND
RECRYSTALLIZED TZC SHEET (0,051 INCH)(S)

Shcet relled in air with a rclatively low finishing
temperature,

Heat 4053-L. analyses 1. 17% T1, 0, 27% Zr. and 0, 15% C.
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FIGURE A-149,

EFFECT OF TEMPERATURE, THERMAL TREATMENT, AND
SURFACE CONDITION ON THE BEND DUCTILITY OF TZC
SHEET (0. 052 INCH) (%)

Sheet rolled in air with a relatively high {inishing temperature,

Specimens chemically milled to 0.049 inch.

Heat 4052-H, analyses 1, 17% Ti, €.27% Zr, and 0,15% C.
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FIGURE A-150. EFFECT OF TEMPERATURE, THERMAL TREATMENT, AiND
SGRFACE CGNDITION ON THE BEND DUCTILITY OF TZC
SHEET (0. 054 TO 0,058 INCH){(5)
Rolled 1n InFab facility,

Specimens chemically milled 0. 004 inch.

Heat 4053-1. analyses 1.17% T:, 0.27% Zr. ard 0. 15% C.
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Metallurgical Prosarties

1.

4

<.

d.

Fabricability: the fullowing scheduvle has been successfully used to convert
ingot to sheet: (1) extrude at 2850 F; (2) forge extruded sheet
bar at 3000 F, (3) breakdown rolling of forged bar at 2500 to
2700 F; {4) roll to nlate simes at 2400 to 2600 F; and (5) sheet

rolling at 2400 to 26060 F(3)
Transition temperature: Tables A-109 and A-110

Stress-relief temperature: 1 hour at 2200 F for bar material(l); 1/4 hour at
2200 F for sheet (0. 050 inch) materiall5)

Recrystallization temparature: 1 hour at 3400 F for bar ruaterial{l}; 1/4 hour
at 2900 to 3000 F for sheet (0. 050 inch)

material{?)

Figures A-~151 and A-152
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TABLE A-109, BEND-TRANSITION TEMPERATURES FOR Cl IMAX ARC-CAST TZC SHEET(4)

Muimum Temputature, F, for 140-Degree Bend(3)

Stress Reheved Reerystallized

Parallcl Pecpendicalar Pa;alie) Perpendicular

Rellung the, Rolling Lur. Rolling Dir. Rolling Dur,
Coripositiod, Shest CLem Chem- Chem= Chem-
weightpereesit R LA Thickness, Rolled Milled Rolled Milled Rolled Milled Rolled Milled
G F43 [ Conditens 0 Sutface Sutface Swface Sutface Swface Sarface Sutface Sutface

1,29 0. 13 QU000 F 3 an .01 +10 - 40 - +:0 - +50 ..

1,29 0.18 Ditte 0,020 =10 - *"0 .- . 122 - +1b0 .-

Ly .27 2C00 ¥ in air ¢t +30 .- +60 .- +30 - 4100 --
L " *530 F in ast €082 -10 -i0 XY +50 480 a¥u * +120
1,17 2,27 LMLU'F Wk 0,085 +315 +115 +373 4128 +275 *150 +325 +150

{3) T radiws,

¢ {tiches per nudute.

TABLE A=110, TENSILE-TRANSITION TEMPERATURES ICK (+IMAX \RC CAST TZC SHEET(4)

Temp ¥, for 10 Per Cent Elongation
Stress Relieved Receystallized
Parallel Perpeadicular Paratlel Perpendicutar
Rolliag Dur, Rolling Dar, Rolling Dir. Rolling Dir.
Conmposiuon, Sheet Chem- Cheme Chenr- Chema
weIght pet cent Final Kolitng Thickness, Rolled Milled Rolled Miiled Rolled Milled Rotled Milled
Ts Zr c Conditzons inch Sutface Swlace Sigfaes Surface dSuriace Surface Swface Swface
.17 [\ 0,18 2200 F in an 0,051 «36 Lx + - +2 LL] .8 e
1,17 0,27 0,15 2500 F in atr 0,050 +€ <=0 +"0 +45 +40 <410 24 +i0
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Mo=-25W-0,1Zr-0.03C

1. identification of Material
a. Designation: WZM (Climaxj
b. Chemical composition: Mo-25W-0,1Zr-0,03C

c. Forms available: ingot and fabricated shapes on a best efforts basis

tv

Phys..al Properties
a. Melting point: ~5050F (estimated to be about the same as that for Mo-25W){1)
b. Density: 0,418 1b/m3 {calculated)
3. Mechanical Properties
a. Tensile Properties at Room Temperature
Ultimate . sasile strength; Table A-111
Tensile yield strength: Table A-111
Elongation: Table A-111
Reduction in area: Table A-111
b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-112
Figures A-153 and A~154

Tensile yield strength: Table A-112
Figures A-153 and A-154

Elongation: Table A-112
Figures A-153 and A-154

Reduction in area: Tabic A-112
¢, c¢. Creep and Stress-Rupture Properties

Tables A-113 and A-114
Figure A-155

d. Other Selected Mechanical Properties

a. Lend du-tility: Figures A-156 through A-158
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TABLE A-1ii, ROOM-TEMPERATURE TENSILE PROPERTIES OF WZM BAR

Tensile Reducnon
Strength. Y:eld Srrength, Elongztion, in Area,
Condtiow 1000 ps. 1000 ps1 per cent __ber cent

Reference %3)
Stress rehieved, 1 hour 2006 F 4.3 12€. 5(b) 32 2,5
Recrystallized, I hour 2600 F 95,8 89, 2(¢) 21 23,2

Reference 3(4)

Stress rehieved 141,38 137, 1 0 0
Recrystallized 105.3 79.3 32 25

(2) Test rate 0. 005 1nch per inch per minute througtt yrelkiing, then 0.01 inch perinch per minute to fracture.
Analyses 26,4% W, 0.100% Zr, and 0.023% C.

(b) 0.1 per cent offset.

(c) Drop in load yield strength.

{4} 3/%-1nch arock  Analyses 25.1% W, ©.11% Zr, and 0.051%C,

TABLE A~112, TENSILE PROPERTIES OF WZM BAR AT 1809 AND 2400 F

Tensiic Reducticn
Temperaturc, suength, Yield Surengit, Elungation, in Area,
Condition F 1000 ps1 1000 psi. per cent per cent

Reference 2(3)

Stress rehieved, 1 hour 2000 F 1800 99,4 31, 1(b) 18 5.9
2400 7.5 -- 22 86,0
Recrystalhized, 1 hour 2500 & 1800 45,3 - 39 ETA)
2400 26.9 16,4(%) 59 93,0

Reference 3(¢)

Stress relieved 1800 98,2 85,6 18 66
Recrystallized 1800 42.8 22.9 46 91
Suess telieved 2400 3.5 -- - 80
Recrystalhized 2400 28.5 16,5 58 89,4

(2) Test rate 0, 0005 inch per inch per munute through yielding, then 9. 01 inch per wnch per minute to fracture.
Analyses 26.4% W, 0,106% Zr, and 0.033%C

th) 0,1 per cent offset,

(¢) Analyses 25.1% W, 0.11% Zr, and 0.051%.C.
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FIGURE A-153.

Sheet rolled 1n air with a relativelv low finishing
temperature.

Heat 4052-L. analyses 25.4% W, 0.16% Zr, and
0.037% C.

LOW-TEMPERATURE TENSILE PROPERTIES
OF LONGITUDINAL STRESS-RELJEVED AND
RECRYSTALLIZED WZM SHEET (0. 050 INCH)}4)
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FIGURE A-154.

Temperature, F

Sheet rolled 1n air with a relatively low fimshing
temperature.

Heat 4052-L,, analyses 25.4% W, 0.10% Zr, and
0.037% C

LOW-TEMPERATURE TENSILE PROPERTIES
OF TRANSVERSE STRESS-RELIEVED AND
RECRYSTALLIZED WZM SHEET (9. 050 INCH){4)
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Sheet rolled in air with a relatively high finishing

temperature,

Heat 4052-H, analyses 25.4% W, 0.10% Zr, and

0.037% C.
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TABLE A-114. CREEP AND STRESS-RUPTURE PROPERTIES OF WZM BAR AT 1800 AND 2400 F{3X2)

A-263

Rupture Reduction

Temperature, Stress, Mimmum Creep Rate, Trune, Elongaton, in Area,

Condition F 1000 ps per cent/hour hours per cent per cent
Stress relicved, 1 hour 200¢ F 1800 87,0 .- 1,3 20 15,4
80,0 -- 18,0 20 78,8
55,0 - 25,7(b) 0,5 0.8
2400 16,0 - 0,2 % 61,1
14,0 0, 168 28,5 -- 1,9
Reerystalhized, 1 hour 2600 F 1800 39,0 5,02 1.2 55 89,7
38.4 1,86 1.5 53 87,9
34,6 0,022 19,6 56 90,7
2400 16.0 0,62 15,8 69 93,3
13,0 0, 080 (%] 4 95,5

(3) Analyses 26.4%W, 0,106% Zr, and 0.033%C.
{b) Test discontinued.

0
TABLE A~114, 1= AND 10-HOUR RUPTURE STRENGTHS OF WZM BAR AT 1800 AND 2400 20 O

Stress, 1000 psy, to

Temperature, Produce Ruptuwre
Condition 3 1 Hour 10 Hours
Stress relicved, 1 hour 2000 F 1800 87.5 81,5
2400 18,3 15,2
Recrystallized, 1 hour 2600 F 1800 39,2 35.1
2400 23,4 16,9

() Analyses 26.4%W, 0.106% Zr, and 0, 033%C,
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Legend
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FIGURE A-155, STRESS-RUPTURE BEHAVIOR OF STRESS-RELIEVED AND
RECRYSTALLIZED WZM SHEE T AT 2460 AND 3000 F(4)

4052-L sheet rolled n air with a relatively low finishing
temperature.

4052-H sheet rolled 1n air wiath a relatively hagh fimshing
temperature.

Analyses 25,44 W, 0,107 Zr, and 0.037% C.
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FIGURE A-1%6. BEND-DUCTILITY BEHAVIOR OF STRESS-RELIEVED
AND RECRYSTALLIZED WZM SHEET (0.051 INCH; %)

Sheet rolled 1n air with a relatively low finishing
temperature.

Heat 4052~1., analyses 25.4% W, 0,10% Zr, and 0.037% C.
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'RE A-157. EFFECT OF TEMPERATURE, THERMAL TREATMENT,
AND SURFACE CONDITION ON THE BEND DUCTILITY
OF WZM SHEET (0. 051 INCH){%)

Sheet rolled 1in air with a relatively high finishing
temperature.

Specimens chemically milled to 0. 048 inch.

Heat 4052-H, analyses 25.4% W, 0.10% Zr, and 0.037% C.
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FIGURE A-.58.

Temperature, F

EFFECT OF TEMPERATURE, THERMAL TREATMENT,
AND SURIFACE CONDITION ON THE BEND DUCTILITY
OF WZM SHEET (0. 054 TO 0. 062 INCH){4)

Rolled in InFab facility.
Specimens chemically milled 0. 040 inch.

Heat 4052-1, analyses 25.4% W, 0.10% Zr, and 0. 037% C.
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Metallurgical Properties
a.,

Fahricability: successful extrusion temperatures for ingot range from
3200 to 4000 F with reduction ratios of up to 10.1 at 4000 Fi5)

b. Transition Tempe. ature: <RT tc 400 F, dependinguponform, fabricationhistory,

thermal treatment, and surface condition{2-4)

c. Stress-rehief temperature: 1 hour at 2000 F for bar material{2); 1/4 hour at
2200 F for sheet (0. 050 inch) material(4)

Recrystallization temperature: 1 hour at 2600 F for bar material(2); 1/4 hour

at 2750 to 2806 F for sheet (0. 05 .nch)
material{4)
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1. ldentification of Matorial

4. Chemicel composition: Mo-30W

b. Forms available: ingot and fabricated shapes
2. Physical Propertios

a. Melting point: ~5150 F\})

b. Density: 0.43 lb/in. 3(2)

c. Electrical resistivity: specific resistivity at room temperature is
about 0. 06 obm /mm?/m; the temperature
coefficicat of renistivity is 1.8 x 10-3 IF‘Z)

3. Mecbhanical Properties

a. Tensile Properties at Room Temperature
Ultimate tensile strength: Tables A-115 and A-116
Tensile yield strength: Tables A-115 and A-116
Elongation: Tables A-115 and A-116
Reduction in area: Table A-115
Modulus of elasticity: ~50 x 10 psi(2)

b. Effect of Temperature on Tensile Properties
Ultimate tensile strength: Table A-117
Elongation: Table A-117
Reduction in arca: Table A-117

c. Creep and Stress-Rupture Properiics

Tabie A-118
d. Other Salected Mechanical Properties

Hardness: Tables A-119 and A-120
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TABLE A-115. ROOM-TEMPERATURE TENSILE PROVERTIES OF Mo 39W

BAR

(1/2-INCH SQUARE)2H2)

Tensile Yield

Suength, <.rength, Elongauon,

Reduction 1n

Condition 1000 pst 1000 ps1 per cent Arca, per cuiit
Steess 1cheved, 121.5 10€,9 26 49
2000 F
Recrv-alhized, 83.8 69.1 12 1v

2600 F

(a) aralyses 28 91% W and 002556 C.

TABLE A-116, TYPICAL ROOM-TEMPERATURE TENSILE DATA FOR ARC-
CAST STRESS-RELIEVED Mo-30W ROUND BAR PRODUCED BY

CLIMAX(3X3)
Average Yield Avcrage
Drametet, Average Tensile Strength (0.2% Elongation 1n
_inghes Sweagh, 1000 pa Offscr), 1000 1 Inch, porent
ir2 104 9o 2¢
5/8 100 88 15
3/4 93 18 10
1/8 109 94 10
1 106 94 1
i-1/2 101 90 6
1-3/4 88 73 i
2 93 8% 6
2-3/4 9 i 10

(a) Cold Water Production Faaiay. Al data from 6-inch-dia neter ate
cast 1rgots covenng » 2-ycar penod.  Matenal stross rchered 1,4 1o
1 hour at 22u to 2350 F.  Test rate J.uoe2 wnch por inch oor menate i
the clastic range, then 0.05 1ich per inch per munute te fracture.

TABLE A 117, TENSILE PROPERTIES OF Mo-20W BAR (1/2-INCH SQUARE)
AT 1800 F(3)(2)

Tty
Strength, Elongauon, Reduction 1n
Condition 1000 pey per cent Arca, per sent
Stress teheved, 65.7 5 ki
2000 F
Rectystallized, 32,44 82 90
26un F

(3 Analyses 25 1%

W oaad 0.028% .




TASLE A-11t. CRELP AND STRES3-RUP1URE PROPERTIES OF Mo-30W AT
3800 FGa)(2)

Stress, Crecep Rate, Ruptuic Tune,  Elongation, Reduction 1n
1000 pst _ per cent/hour bours per cent Area, per cent
2y 17 LG 13.9 84.8
50 0,12 23.1 7.2 84.5

(a) These values give an csumated 10V-hour Tu_plurc strength of 47,000 psi.
Analyses 23 91% W and v, 023 C.

TABLE A-319. TYPICAL R JOM-TEMPERATURE HARDNESS
DATA FOR 3KC-CAST Mo-30W ROUND BAR
PRODUCED BY CLIMAX(3X3)

Diamcter, Average Hardness,
nclics DPH
1% 256
5/8 pAM
3/4 243
1.8 260
1 275
1-)/2 <64
1-3/4 253
2 257
2~3/4 €49

(a) Celd Water Producuion Factlity, All
data from: v-mnch-wiameter are~cast
LRV Luvepny, a3 L=y ear penod.
“Matenal stress rehieved 1/+4 hour
o 2 hour at 200 10 2350 ',

1ABLT A-120 HOT-HARDNESS OF AS-CAST Mo-30wW(2)

Tempetature, tiot Hardness,
__F DPH
RT 1938
21000 0
2200 60
25400 50
2600 40
2300 32
B 2%




Metallurgical Properties

a.

Fakricability: material has been successfully extruded and forged; a
satisfactory forging temperature is 2300 F, requires
more reheatings and mgher working pressures than
vnalloyed moiybdenumi2)

Transiticn temperature: <RT for bar material(2,3)

Weldability: material has been successfully joined b .veldmg(4)

Stress-relief temperature: 1/4 to 1 hour at 2200 to 2350 F(3)

Recrystallization temperature. 2600 F(<)




{2)

(3)
{4)

A-275 and A-276
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Identification of Material

a. Cheaiuscal composition: Mo-350W

b. Forms available: ingot and fabr - ~*ed shaper on a best efforts basis

Physical Properties

a. Melting point: ~5450 Fil)

b. Density: 0.482 1b/in.3 (calculated)

Mechanical Properties

a. Tensile Properties at Room Temperature
Ultimate tensile strength: Table A-121

Tensile yield strength: Table A-121

Reduction in area: Table A-121
b, Effcct ot Temperature on Tensile Properties
Ultimate tensile sirengih. Table A-122
Elongation: Table A-122
Reduction in area: Table A-122
<. Creep and Stress-Rupture Properties
Tables A-123 and A-i24
d. Other Selected Mechanical Properties

a. RBend ductility: Figures A-159 and A~lo0
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TABLE A-121, ROOM-TEMPERATURE TENSILE PROPERTIES OF Mo-50%. BAR(2X2)

Tensile Yield Strength Reduction
Suength, (0, 1% Offsey), Elongation, n Area,
Condition 1000 psi 1000 st pri cent per cent
Stress rehieved, 1 hour 2000 F 144, 0 133,8 1 13,1
Recrystallized, 1 hour 2700 F 97,17 - 0 0

(a) Test rate 0,0005 inch per inch per minute through yielding, then 0,01 mch per inch per mnute to
fracture, Analyses 49,3%W and €, 008%C.

TABLE A-1"2, TENSILE PROPERTIES OF Mo-30W BAR AT 1800 AND 24¢0 F(aX?)

Teasile Yieid Strength Reduction

Temperature, Swength, 0. 1% Offsct), flongation, n Area,

Condition F 1000 pss luye pst per cent per cent
Stress rehieved, 1 how 2000 F 1300 81,0 49,7 26 83,8
2400 50,1 20,0 37 23,6
Recrystatiized,  hour 2700 F 1800 4.6 17.8 57 87,7
2400 25,8 i6.2 16.5 81,73

(a) Test rate 0,9005 inch per inch per munuie through yiclding, then €, 01 inch per .uch per minute to fracture,
Analyses 49.2%W and 0,008%C,
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TABLE A-)23, CREEP AND STRESS-RUPTURE PRCPERTIES OF Mo-50W BAR AT 1800 AND 2400 F(2X2)

Ruptiwe Reduction
Temperature, Stress, Mimmum Creen Rate, Time, Elongation, n Aiga,
Condition F 1000 ps per_cent/hour hours puI_cent _per cent
Stress reiicved, 1 hour 2000 F 1800 69,1 .- 0.4 31 81,17
61,9 - 3.1 28 519
2400 30,0 .- 0.4 37 35,9
16,0 0,95 10,0 56 70,3
Recristalhzed, 1 hour 2700 F 1800 36,0 £.16 3.3 58 89,8
e e, 50 (i
2400 19,0 - 2,1 56 23,2
15,0 .- 19.4 118 94,6

(a) Analyses 49,3%W and 0,08%C.,

TABLE A=124. 1- AND 10-HOUR RUPTURE STRENGTHS OF Mo~50W BAR AT 1800 AND 2400 F(aX2)

Stress, 1000 pe:, 0

Temperature, Produce Rupture
Condition F i Hour 1v Hours
Stress reheved, i hour 2000 F 1800 66.0 58,5
2400 25,0 16,0
Recrystathzed, 1 hour 2700 F 1860 38,5 33,0
2400 2L.L 15, 1

(2) Analyscs 49.3%W and 0,008%C,
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FIGURE A-159.

EFFECT OF TEMPERATURE, THERMAL TREATMENT,
AND SURFACE COMNDITION ON THFE BEND DI'CTILITY
OF Mo-50W SHEE'T {0.048 INCH)(3!

Sheet rolled narr with a relatively low fimyshing
temperature.

Specimens chetmcally malled 5 0,045 inch.

Heat 4056-1., analyses 49. 1% V7 and 0.014% C.
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Temperature, F

EFFECT OF I'EMPERATURE, THERMAL TREATMENT,
AND SURTACFE CONDITION ON THE BEND DUCTILITY
OF Mo-50W SHEET (0.039 TO 0. 044 INCH)(3)

Rolled 1in InFab facihity.

Specimens chenmically milted to 0. 636 anch.

Heat 40356-1, analyses 4% 1% W and 0.014% C
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Metallurgical Progerties
a. Fabricability. arc-cast ingots can be extruded to sheet bar at 3500 to 4000 F
using reduction ratics of up to 8:1; shect bar can be rolled to
intermediate gage thicknees (1/8 inch) at 2400 to 28090 F, {final
sheet rolling to 0. 050 inch can be done at 2400 F(3)

b. Transition temperature: ~RT to 625 F, depending upon form, fabrication history,
thermal treatment and surface condition(Z, 3)

c. Stress-rehef temperature. 1 hour at 2000 F for bar materiall2)

d. Recrystallization temperature: 1 hcur at 2700 F for bar material{2); 1/4 hour
at 2800 F for skeet (0. 050~inch) material(3}
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